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After a certain high level of technical 

skill is achieved, Science and Art tend to coalesce 

in esthetics, plasticity, and form. The greatest 

scientists are always artists as well. 
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1. Introduction 

 

 

 

 

 

 

 

The accelerating pace of discovery and innovation leads to converging of different 

areas of knowledge, which resulted in the emergence of new branches of science; 

nanotechnology is a prime example. Nanotechnology as a term is a direct result of the 

need of miniaturization. It describes the technology of manufacturing objects on a 

nanometer scale in a controllable way, leading to real-world applications. Nowadays, 

applications can be found in various fields such as nanoelectronics, security, 

information, medicine, and biotechnology. Furthermore, nanotechnology is the main 

motor in design and production of new and advanced materials. Most likely, 

nanotechnology will have an impact on the 21-century mankind similar to that 

semiconductor technology had during the last decades [1-3]. 

In fundamental research the focus of nanotechnology is mainly split in two. The first is 

the production and improvement of various manufacturing techniques, which aim in 

obtaining high quality structures while simultaneously reducing production costs to be 

able to compete with semiconductor technology. The second contains the 

characterization and fundamental understanding of the prepared systems. The 

research already led to the discovery of new and exciting material properties pushing 

the boundaries of the quantum world. As an example let us mention the optical 

response of metallic nanostructures, which takes place on a scale far below the 

classical diffraction limit of light. In the past 20 years these discoveries led to the vivid 

field of plasmonics, which explores the physics of surface plasmons. In the meantime a 

gradual change in focus can be observed in the plasmonics community leading to more 

efforts in designing applications. This change has emerged because the industrial 

needs in this field like optical data storage, lithography, and high density electronics 

approach fundamental limits. It is likely possible to overcome some of the 

technological challenges by applications exploiting the unique plasmonic properties of 

materials. Recent studies on plasmonic properties of materials lead to the 
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development of new plasmon – based optical elements and techniques, which are 

already in use. This includes waveguides, biosensors, optical- switches, and 

improvement in surface enhanced Raman spectroscopy (SERS) [4]. But these studies 

also led to the emergence of the phenomenon of SPASER (surface plasmon 

amplification by stimulated emission of radiation) which was first described in 2003 by 

Bergman and Stockman [5] and already announced in 2009 [6], or high harmonic 

generation mediated by plasmons [7]. The surface plasmons let finally overcome the 

limit of optical data storage [8-11], and found a broad application in bio-medicine for 

photostable labels, biosensors [12] and for thermal cancer therapy [13, 14]. For the 

last two decades, the interest in surface plasmons has grown, as can been seen by the 

number of publications on that topic, which increases by a factor of two every 5 years 

[15].  

Recently, metal nanostructures have received considerable attention due to their 

ability to guide and manipulate light at the nanoscale and the pace of new inventions 

in the area has accelerated even further. The trigger was released by three milestones 

in plasmonics. In 1997 Takahara and coworkers suggested that metallic nanowires 

enable the guiding of optical beams with nanometer scale diameter [16]. Following 

that in 1998 Ebbesen and coworkers reported on the extraordinary optical 

transmission through subwavelength apertures in metal films which is supported by 

surface plasmons [17] and in 2000 Pendry suggested a possibility to use a thin metallic 

film as a perfect lens [18], which was actually a confirmation of theoretical predictions 

done by Veselago [19]. Definitely these findings had a great influence on most recent 

research on waveguides [20, 21] and metamaterials [22, 23]. The investigation of the 

plasmonic properties of samples requires structured surfaces (since surface plasmons 

cannot be excited on a planar flat film). However, the techniques for preparation of 

samples with structures in the nanometer range are expensive and limited to a small 

number of materials. Thus, they often stay in the way of the advance in science, 

leaving some place for much cheaper fabrication methods and investigation for new 

material properties. 

 

 

1.1 Scope of this work 

The scope of this thesis is to find an answer to the question, if and how one can 

manipulate the optical responses of specimen by use of different nanostructures and 

various materials. The realization of this aim was obtained in two steps. The first one 

includes the fabrication and structural investigation of large area (> cm2) arrays of 
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nanostructures of different morphology, which are prepared using a lithographic 

method based on a self-assembly of two-dimensional colloidal crystals. The second 

one includes the optical characterization of the obtained nanostructures and 

investigation of the influence of the structure on the plasmonic response of light 

matter interaction like surface plasmon / polariton, extraordinary light transmission as 

well as coupling of surface plasmons to different nanostructures. Mechanisms of the 

interaction of light with structures such as quasitriangluar nanoislands, arrays of 

subwavelength holes or nanowires are addressed and discussed here. We are focused 

on investigations of the influence of the structure’s geometry on the optical responses, 

especially on those induced by light in combination with metal surface plasmons. 

Since, these nanostructures form arrays, thus the diffraction of light and accompanying 

effects are expected, including Wood’s anomaly. On this basis, we would like to show 

that the plasmonic response is tunable, and efficiently controlled by the morphology of 

the fabricated structures. 

The outline of this work is divided as follows: At first, theoretical considerations on the 

topic of plasmonics will be presented to fully understand the processes, which take 

place during the interplay of the light with the metallic structures. Following that the 

experimental part will give an insight in the preparation of the various nanostructures 

used throughout the thesis and also present the characterization of the samples. The 

main part of the thesis will then focus on the investigation and discussion of the 

plasmonic properties of the prepared structures. An outlook to possibilities and future 

experiments will close the thesis.  
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2. Theoretical background 

 

 

 

 

 

 

 

In this section we will present the theoretical background that is necessary to 

understand the experimental results. The main question that we want to address here 

is: What exactly is the field of plasmonics? 

 

2.1 Plasmonics as a discipline 

In the very vibrant field of nanophotonics where the interaction of electromagnetic 

radiation with structures of sizes comparable to or smaller than the wavelength is 

studied, plasmonics is by far the most vivid. 

The basis of plasmonic processes lies in the interaction of the radiation with the 

conduction electrons in the metallic structures. These range from corrugated surfaces 

and interfaces to structures of nanometers in size. In these so called nanoparticles, 

confinement of the plasmons lead to large enhancements in the electromagnetic field 

in dimensions smaller than the wavelength, i.e., in the truly subwavelength regime. 

Hence scientists seek to harness this resonant interaction to control light on a 

subwavelength scale and thus to manipulate interactions between light and matter. 

The notion of plasmonics is a description of the science and technology of metal based 

optics.  

Plasmonics as a field of science and technology is not older than a decade. Yet its 

origins lie in the turn of XX century, when the foundations of two important 

ingredients of this branch of science were lain – surface plasmon polaritons and 

localized plasmon resonance. First, Sommerfeld theoretically studied electromagnetic 

surface modes on metal wires. He calculated the solution of Maxwell’s equations for 

wave propagation along a cylindrical metal surface [24]. These surface modes, also 

called surface waves for radio waves, are electromagnetically equivalent to and thus 

are a direct predecessor for surface plasmons polaritons in the visible domain. Nearly a 



6 

 

decade later, in 1908, Gustav Mie established a clear mathematical foundation on 

scattering of light on small spherical particles [25]. This formalism was later applied by 

successors as fundamentals for description of localized surface plasmon resonances in 

metallic nanoparticles. Some details about this approach will be presented in the 

following section.  

Throughout the 20th century both of phenomena have been rediscovered in a variety 

of different contexts. Nowadays, the variety of topics on plasmonics derives in part 

from important developments in experimental and numerical techniques trying to 

match the results of experiments with those of theory [26]. Some of the areas of 

possible plasmonic applications that are either already being investigated or are being 

considered are presented in the diagram [Fig. 2.1]  

2.2 Theoretical considerations on Plasmonics 

In this section, we will give a short introduction to surface plasmons and their 

dispersion relation. Prior to the explanation, a short glance back will be given and the 

theoretical models of Drude, Mie, and Gans will shortly be described because of their 

importance to the field of plasmonics. 

2.2.1 Mie theory 

Relative simplicity and versatility are the advantages of the classical Mie theory 

suggested by Gustav Mie in 1908 [25], which describe the mechanism for the 

absorption of light by small metal particles by solving Maxwell’s equations. The theory 

PLASMONICS 

Quantum cascade lasers 

Spaser 
Thermal cancer therapy 

(target absorption) 

Controlling optical molecular processes 

(emission, absorption) 

SP based metamaterials 
Photo-stable labels/probes 

In biomedicine 

High harmonic generation 

Subwavelengths photonics 

SP circuits 
Biosensing / Immunoassay 

Data storage 

Fig. 2.1 Importance of plasmonics in the confinement and control of light in the 

subwavelength regime [26]. 
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is based on the assumptions that while the electromagnetic field interacts with the 

particle an induced charge separation on the particle’s surface succeed. This charge 

separation is a cause for an occurring restoring force. It has been shown that such 

absorption of light in the UV-Vis region by metallic particles is sensitive to many 

geometrical as well as environmental factors [27]. Solving Maxwell’s equations lead to 

a relationship for the extinction cross-section for metallic nanoparticles  

 

            ���� = ���� + ����      (Eq. 2.1) 

 

where ����  , ���� , ���� are the extinction, absorption and scattering cross-section, 

respectively. 

 

Although both absorption and scattering processes occur simultaneously, there are 

incidents where either one of the two dominates. Taking into account small particles in 

comparison to the wavelengths of the light (particle radius � ≪ �) only absorption is 

significant. Using a complex expression for the dielectric constant [Eq. 2.2]  

 

            ���� = ����� + �������  (Eq. 2.2) 

 

where ��and ��� are the real and imaginary part of the dielectric function of the 

metallic nanoparticles, respectively, while � is the angular frequency of the exciting 

radiation according to the Drude model [28]. Based on the assumptions that the 

particles are spherical, small, and embedded in an isotropic and non-absorbing 

medium with a dielectric constant �	 = 		

 , Mie calculated the extinction cross 

section of such solution where its real part is given by Eq. 2.3. 

 

 (Eq. 2.3) 

 

 

where 
� = �4�/3��� is the volume of the spherical nanoparticle, c is the vacuum 

velocity of light, εm accounts for the dielectric constant of the host medium. 

The above equation determines the shape of the absorption band of the particles. The 

bandwidth and the peak height are well approximated by ������. The position of the 

maximum absorption occurs when ����� ≈ −2ε
 if ������ is small or if it is only 

weakly dependent on �. One can also see from Eq. 2.3 that no size dependence of the 

peak position is predicted. Contrary to the theory, size dependence is observed in 

many experimental results [29-33]. From Eq. 2.3 one can deduce two limiting cases for 

which ����  is equal to zero. In the first case, the complex part for the dielectric 
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constant is zero (������ � 0), i.e., the particle is non-absorbing (this applies to 

dielectric materials, i.e., quartz or sapphire, which do not absorb in visible range, that 

is why they are used as a substrates for transmission measurements). In the second 

case (������ → ∞), the material reflects all of incoming radiation at this wavelength, 

i.e., the complex part of the dielectric function for metals has a large value in the 

visible making them very shiny and totally reflecting for the incoming light. Since the 

shape of nanoparticles is not limited to spherical, Mie’s model had to be extended for 

other morphologies.  

2.2.2 Gans theory 

In 1912 Richard Gans presented his modification of the Mie theory, which extended 

the expression for the extinction cross-section of spheres to ellipsoidal particles [34]. 

With this expression the calculation of the absorption resonance for rod-like 

nanoparticles can be achieved.  

Due to the ellipsoidal shape, two fundamental oscillation directions for the conduction 

electrons exist; the principle of these electronic oscillations named plasmons is 

introduced in section 2.2.4. The first one is along the short axis of the ellipsoid, the 

second one along the long axis. Both oscillations induce a charge separation and thus a 

localized plasmon resonance in the nanoparticle. The extinction cross-section [Eq. 2.4] 

proposed by Gans considered an ellipsoid that dimensions fulfill the condition: a > b = c 

as shown in Fig. 2.2.  
  

 

 

Fig. 2.2 Schematic of an ellipsoidal particle with dimensions: a > b = c, where a is the 

dimension of the longitudinal axis, b and c are the dimensions of the transverse axes. 
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where P�  are the depolarization factors along the three axes of the ellipsoid, 
� =
�

�
abc 

is the volume of the ellipsoid, in this case b=c, thus 
� =
�

�
ab2. 

The depolarization factors P� express a quantity of the force which seeks to restore the 

initial electron distribution along each of the axes of the ellipsoid [35]. They are 

defined as [36]: 
 

(Eq. 2.5) 

 

 (Eq. 2.6) 

where e is the ellipticity of the ellipsoid, which refers to its aspect ratio (long axis / 

short axis) and is denoted by  

 

(Eq. 2.7) 

 

These modifications give rise to two possible plasmon modes (longitudinal and 

transverse) for ellipsoidal nanoparticles. The longitudinal mode is thereby strongly 

dependent on the aspect ratio. 

In the case of many metals, the region of absorption up to the bulk plasma frequency 

ωp is dominated by the free electron behavior. Thus the dielectric response is well 

described by the simple Drude model, which will shortly be introduced in the following 

section. 
 

2.2.3 Drude model 

In 1900 German physicist Paul Drude, presented a new and audacious theory of 

electrical and thermal conduction of metals by applying the highly successful kinetic 

theory of gases to a metal, considered as a gas of electrons [37, 38]. Drude’s model 

assumes that the conduction electrons in the metal can be treated like the molecules 

�� =
1 − ���� � 1

2� �� �1 + �
1 − ��− 1� 

	� = 		 =
1 − 	


2
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Fig. 2.3 Drude’s model electrons (shown in black) constantly collide between heavier, 

stationary crystal ions (shown in green). 

E 

in the kinetic gas theory. He proposed that the electrons are moving while the positive 

ionic background of the metal is immobile. During their flight, the electrons will 

constantly scatter on both the positive background as well as with other electrons. The 

situation is schematically shown in [Fig. 2.3]. 

 

According to this free electron model, the dielectric function of such free electron gas 

can be represented as:  

 

  (Eq. 2.8) 

 

 

where 	 is the electron density, �0 is the vacuum permittivity, � and � are electron 

charge and mass respectively. 

 

In a medium with an equal concentration of positive and negative charges, the bulk 

plasma frequency can be represented as: 

                                                                    

(Eq. 2.9) 

 

 

Rewriting Eq. 2.8 with Eq. 2.9 results in the dielectric function given as: 

                    

(Eq. 2.10) 

 

���� = 1 −

��

�����
	 


	
� =

���

� 
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Introducing of a constant offset ��, which adds the effect of interband transitions at 

frequencies above plasma frequency, which the Drude model does not include, the 

dielectric function is denoted: 

 

 (Eq. 2.11) 

 

All in this thesis presented models are used to interpret the plasmonic interaction with 

prepared various nanostructures. In the following section a more detailed description 

of what plasmons are will be given. 

 

2.2.4 Plasmon 

In metals a plasmon can be described as an oscillation of free electron density against 

the fixed positive ionic background. This oscillation is longitudinal and originates from 

long-range correlations of the electrons caused by Coulomb forces. To visualize this 

phenomenon one can imagine a rectangular metal slab which is placed in an external 

electric field which points to the left [Fig. 2.4]. Electrons will start to move to the right 

side simultaneously uncovering the positive cores (ions) on the left side. The electron 

movement will last until they will cancel the field inside the metal. If the external field 

will be switched off, the electrons will start to move to the left direction, repelled by 

each other and attracted to the positive ions which were left bare on the left side. The 

electrons will oscillate back and forth at the frequency given by equation 2.9.  


	ω� � 
� � 
	
�


�				 

Fig. 2.4 Simple schematic of plasma oscillations. Green spheres represent fixed positive 

background of ions and grey spheres represent the electron gas. a) The charges are 

separated due to the applied external electric field. b) Situation without external field. 

The electrons move back to cancel the charge separation. 

σ=+nde σ=-nde 

a) b) E 
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Such plasma oscillations in gaseous discharges were investigated theoretically and 

experimentally by Tonks and Langmuir [39]. These collective oscillations of plasma 

inside the metal with a frequency given by the Drude model (Eq. 2.9) are called volume 

or bulk plasmons.  

Keeping in mind that the dielectric function [Eq. 2.11] is complex and introducing a 

damping coefficient, one can write: 

 

(Eq. 2.12) 

 

where � represents the damping term, which connects the Fermi velocity and the 

electron mean free path between scattering events � = ��/�. 
The real and imaginary parts of ���� are denoted:  

 

 

(Eq. 2.13) 

 

 

 

(Eq. 2.14) 
 

From Eq. 2.13 it can be deduced that for whole frequency regime below the frequency 

of bulk plasmon of a metal, �� is < 0. This is due to the electrons oscillating out of phase 

with the electric field vector of the light wave [32]. 

 

The condition where �’��� = 0 [40], determines the frequency of the longitudinal 

modes of oscillation. Thus the longitudinal plasma frequency can then be written as: 

 

 

(Eq. 2.15) 

 

The oscillation lasts until the energy is lost due to damping. In a particle picture these 

oscillations are described as plasmons. 

Plasmons play a large role in the optical properties of metals. Incoming light of 

frequency below the plasma frequency is reflected, because the electrons in the metal 

screen the electric field of the light. Light of frequency above the plasma frequency is 

transmitted, because the electrons cannot respond fast enough to screen it. Some 

metals, like gold and copper, on the other hand have electronic interband transitions 


�	ω� = 
� −

	

�

	
� + ���				 


��	ω� = 
	
��

ω	
� + ���				 
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in the visible range, whereby specific colors are absorbed. The bulk plasmon reflects 

the material properties of a metal but this phenomenon can’t carry information about 

its surface. From the point of view of this work another term has to be introduced, 

which accounts for these surface contributions, i.e., surface plasmons.  
 

2.2.5 Surface plasmon 

An important extension of the physical phenomenon of plasmons has been 

accomplished by the concept of “surface plasmons” (SPs). They are a result of solving 

Maxwell’s equations giving a surface bound mode at the interface between a metal 

and a dielectric. In other words surface plasmons are electron oscillations that can 

exist at the interface of any two media, which have to fulfill one condition: the real 

part of the dielectric function of the materials has to change sign across the interface 

(e.g. a metal-dielectric interface: sheet in air, or thin film on a glass). In this interaction, 

the free electrons respond collectively by oscillating in resonance with the light wave. 

SPs have a lower energy than bulk plasmons. 
 

The frequency � of these longitudinal oscillations is tied to the wavevector ��� by the 

dispersion relation �(���). The wavevector ��� lies parallel to the surface; ��� =

2�/��, where �� is the wavelength of the plasma oscillation. Solving Maxwell’s 

equations under the appropriate boundary conditions yields the SP dispersion relation 

in the medium [41, 42], i.e., the frequency-dependent SP wavevector: 
 

(Eq. 2.16) 

 

where: �	 is frequency-dependent permittivity of the metal , and ��  the permittivity of 

the dielectric material, �� = �/� is the free space wavevector. 

SPs couple with a photon, the resulting hybridized excitation is called a surface 

plasmon polariton (SPP) [43]. This SPP can propagate along the surface of a metal [Fig. 

2.5] until energy is lost either via absorption in the metal or radiation into free-space 

under some special conditions. The detailed description of this process is given below 

in section 2.2.6.  
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The existence of surface plasmons was first predicted in 1957 by R.H. Ritchie [44]. In 

the following two decades, surface plasmons were extensively studied by many 

scientists [41, 45-47]. 

 

Since surface plasmons can be excited on any metal – dielectric interface, they will 

appear at large surfaces as well as on small ones like nanoparticles. The following 

section is devoted to surface plasmons on small particles. 

2.2.6  Localized surface plasmons of spheres and rods 

The dimensions of metallic nanoparticles are so small that light can easily penetrate 

the whole nanoparticle and grasp at all conduction band electrons. As mentioned in 

sections 2.2.1 and 2.2.2, the result of the electromagnetic wave and particle 

interaction is that the sea of conduction band electrons is displaced with respect to the 

positively charged ions that form the metallic lattice [Fig. 2.6]. These oscillations do not 

propagate on large distances, but only occur within the particle size. Hence, they are 

called localized surface plasmon and the frequency of these oscillations is the localized 

surface plasmon resonance (LSPR). Similar to the surface plasmon, the LSPR is sensitive 

to changes in the local dielectric environment (i.e. the local density of optical states 

(LDOS)) e.g. spherical shape) and size (i.e., for particles bigger than 20 nm) [30, 49-52] 

and to aspect ratio (e.g. ellipsoidal particles) [36, 53]. 

 

Metal 

Dielectric 
z 

x 

Fig 2.5 Schematic diagram illustrating a surface plasmon polariton (after) [48]. 
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2.3 Coupling to surface plasmons - Surface plasmons on grids  

As already mentioned, the interaction between the surface charges and the 

electromagnetic field results in the excitation of SPPs. Their dispersion relation ����� 

lies right of the light line, which means that the surface plasmon polaritons have a 

larger wavevector than light waves of the same energy ��, propagating along the 

surface [Fig. 2.7] [41].  

Electron 

cloud 

Electric 

field 
+++ 

- - - +++ 

- - - 
+++ 

- - - ++ 

- - 

Metal 

sphere 

Metal 

rod 

Fig. 2.6 Schematic illustration of the excitation of dipolar surface plasmon oscillations. 

The electric field of an incoming electromagnetic wave induces a polarization of the 

free electrons with respect to the much heavier ionic core of a nanoparticle. A net 

charge difference is only felt at the nanoparticle boundaries (surface) which in turn acts 

as a restoring force. In this way a dipolar oscillation of electrons is created – a localized 

surface plasmon resonance. In the case of rods (right hand side of the image) two 

oscillations the longitudinal and transverse surface plasmon resonances can be excited. 
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To obtain a resonant excitation one needs a frequency and momentum matching of 

the incoming light and the surface plasmon polariton. From the dispersion relation it is 

obvious that there is a momentum mismatch between the incoming light and the 

surface plasmon so that coupling is prohibited. To efficiently couple the light to a 

surface plasmon two rules have to be obeyed. First, the momentum has to be 

conserved to make coupling physically possible, and second, one has to match the light 

frequency to the excitation frequency of the SP. There are three main techniques by 

which the missing momentum can be provided. The first one makes use of prism 

coupling to enhance the momentum of the incidence light [47, 48]. The second one 

involves scattering from topological defects on the surface, such as subwavelength 

protrusions or holes, which provide a convenient way to generate SPs locally [54, 55]. 

The third method makes use of a periodic corrugation of the metal’s surface [56], 

widely described by Raether [41]. Indeed, already in 1902 Wood reported anomalous 

behavior in the diffraction of the light by metallic diffraction gratings [57] – some of 

these phenomena are known to arise from coupling to SPs. The diffraction (scattering) 

of light by a metallic diffraction grating allows incident light to be momentum matched 

and thus coupled to SPs [41]. Importantly the reverse process also allows the 

Fig. 2.7 Dispersion curve for surface plasmon polaritions. For small wavevectors kx, the 

surface plasmon polariton curve (red) approaches the light line (blue). 
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otherwise non-radiative SP mode to couple with light in a controlled way with good 

efficiency [58, 59], which is relevant for developing SP – based photonic circuits. 

 

2.3.1 One dimensional wire gratings 

In case of one-dimensional metallic wire-like gratings the coupling of a photon to the 

surface plasmon is possible when momentum is conserved. This can take place when 

the structure is illuminated with TM (transverse – magnetic) – polarized light (p-

polarization) where the ��� field vector is perpendicular to the wires. Additionally the 

free-space wavevector �� is perpendicular to the wires and forms an angle �� with the 

normal vector of the grating plane. Then the photons couple to the surface plasmons 

with a momentum transfer		� (	 = ±1,±2, ±3…) delivered by the grating, where 

� = 2�/� is the reciprocal lattice vector, 	 is the coupling order and � is a grating 

period. For this particular case the SPs can be excited when the relation [41, 60, 61]: 

 

(Eq. 2.17) 

 

is fulfilled. Thereby ��� denotes the momentum of the SP wavevector.  

In other words, SPs are excited although the wavevector ����� differs from the 

momentum component of the incident photons because of momentum transfer from 

the grating. 

For normal incidence (�� = 0°) equation 2.17 simplifies to: 

 

(Eq. 2.18) 

 

 

2.3.2 Square and hexagonal hole arrays 

The presented method of providing the missing momentum also includes the cases of 

a subwavelength hole array or periodic corrugations in the film. The basic principle of 

coupling photons to surface plasmons for such two dimensional arrays is similar to the 

one dimensional case of wire gratings. In the two dimensional case the periodicity of 

the lattice plays a more important role and includes the symmetry properties of the 

arrays. The use of a square lattice was studied in detail by Ebbesen and coworkers who 

in 1998 presented that coupling of photons to SPs on a square array of subwavelength 

holes of cylindrical shape is possible [17]. This publication gave the start point to the 
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field of plasmonics. The excitation of oscillations of surface charges at the metal 

interface is possible if their momentum matches the momentum of the incident 

photon and the grating as follows: 

 

(Eq. 2.19) 

 

where, �� = (2�/�) sin �� is the component of the incident photon’s wavevector in 

the plane of the array and �� = �� = 2�/�� are the grating momentum wavevectors 

for a square array, and �� is a grating periodicity (interhole distance).  

 

From Eq. 2.16 it follows that the two interfaces to the metallic film are distinguishable, 

i.e., if the hole array was deposited on a glass substrate then one has to take into 

account the air-metal and metal-glass substrate interface while resonant modes have 

different energies on each side. At normal incidence (�� = 0°) Eq. 2.16 and Eq. 2.19 

reduce to [62]: 

 

 

(Eq. 2.20) 

 

 

where � denotes a wavelength at which the resonance is expected, while � and   are 

scattering orders of the array, denoted as integers (0,±1, ±2). 

 

In the case of hexagonal arrays, the wavevector for the major crystal orientation will 

differ from each other. The wavelength at which SP resonances are expected is given 

by combination of Eq. 2.16 and Eq. 2.19, and including reciprocal unit vectors for 

hexagonal lattice the Eq. 2.20 changes its form to: 

 

 

(Eq. 2.21) 

 

 

2.3.3 Wood’s anomalies 

Beside the coupling into the surface plasmons, the incoming light on to the gratings of 

various morphology can induce a different effect, namely Wood’s anomaly [63]. It 

occurs when light diffracted by the metal grating becomes tangential to the metal 
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surface and is not transmitted through the sample. The conditions for the occurrence 

of the Wood’s anomaly are similar to those for coupling of the light into surface 

plasmons (Eq. 2.19), with only one difference: the ��� has to be replaced by the 

wavevector of the grazing light. The latter one has a magnitude of: 

 

         (Eq. 2.22) 

 

Thus, in case of hexagonal lattice the wavelengths at which Wood anomalies are 

expected for normal incidence is denoted: 

 

 

  (Eq. 2.23) 

 

2.3.4 Extraordinary light transmission through hole arrays 

The transmission properties of a subwavelength hole in a metal film have been under 

investigation since the first predictions by Bethe [64] in 1944, who predicted that the 

transmission efficiency of a single subwavelength aperture is scaling as !/�� (where r is 

a hole radius). Accordingly, for a hole of 150 nm diameter one expects transmission 

efficiency on the order of 10−3. In 1998 Ebbesen et al. showed that the transmission of 

light through an array of holes in a silver film exhibits high intensity [62] for certain 

ranges of wavelengths in the visible regime. This is not in agreement with the 

predictions of Bethe for a single hole. Thus it was clear that an array by itself acts as an 

active medium. Ghaemi et.al attributed this extraordinary light transmission to the 

coupling of light to the surface plasmons [62]. They showed that it is in very good 

agreement with theory [Eq. 2.20]. These results gave rise to the field of plasmonics, 

where light is controlled, guided, and manipulated by the nanostructured material.  

The square array of holes was prepared by focused ion-beam milling. This technique is 

very expensive and time consuming leading to a low efficiency, limiting this method to 

simple shaped structures and small sample volume. 

Here, we present a low-cost, fast and efficient method to prepare various 

nanostructures. We are able to prepare 1D arrays of nanowires, hexagonal arrays of 

subwavelength holes, as well as triangular shaped nanoislands with hexagonal 

symmetry.  

The question is if one can manipulate the plasmonic responses of the sample with 

usage of different structures and different materials? 

 �� =
2
�


�
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3. Sample preparation and 

structural characterization 
 

 

 

 

 

 

 

This section contains fundamental information about the sample preparation and 

structural characterizations of the obtained structures. It includes the basic concept of 

shadow nanosphere lithography (SNSL), and a description of all lithographic steps. 

Other techniques which are also involved are discussed, for example, the modification 

of polystyrene (PS) colloidal crystals by reactive ion etching, and electron beam 

evaporation, including the shadow approach. SNSL allows for the preparation of 

structures of various morphology such as arrays of wires, holes, and triangular shaped 

particles, out of diversified materials [65, 66]. These structures will be further 

investigated for their plasmonic properties, which leads to a selection of appropriate 

materials in the fabrication process. Furthermore we present the experimental setups 

used for the detailed structural characterization of the samples. A discussion about 

results of characterization of crystal structures composed of arrays of triangles, holes, 

and wires will be given. 

 

3.1 Colloidal mask preparation 

  

The basis of NSL is a self-assembly of a hexagonal closed-packed (hcp) monolayer of 

polystyrene (PS) latex spheres [67-73]. Since production of such spheres is well-

established on the market there is a huge possibility to choose between various size 

and chemical stabilization of PS micro and sub-micron spheres, also known as PS latex. 

Polystyrene spheres used in this work range between 440 and 1710 nm in diameter. 

Usually latex beads are shipped in water solutions with 4 or 8% concentration of solid 

which had to be increased. For this purpose centrifugation (Laborfuge 400R, Heraeus) 
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at 5000-6000 rpm for 15-30 min (depending on sphere size), followed by redispersion 

in an ethanolic/water polystyrene solution to a concentration of 30% was prepared 

and thoroughly mixed in a ultrasonic bath (Sonorex, 40 W) for 30 min. The prepared 

solution was slowly applied on a water surface using a glass pipette. All PS monolayers 

were assembled inside a 20 cm diameter Petri dish [Fig. 3.1a]. 

 

 

During the preparation one has to take into account the amount of the applied 

solution onto the water surface, leaving some place for stress relaxation and to avoid 

the formation of cracks in the lattice during the following steps of the preparation. At 

this stage the monolayer had crystals of 2 cm2 in size, with very irregular shapes. To 

promote the growth of large crystals, the beaker was gently tilted to produce waves on 

the surface. After this treatment, crystals of about 50 cm2 were created showing clear 

diffraction colors, which are an indication of the formation of monocrystals. 

By adding a small amount of surfactant [Fig 3.1b] a hexagonal close-packed hcp layer 

of spheres was formed and then anchored with one side to the edge of a Petri dish. 

Next, the desired substrates needed to be prepared. The samples were cut from 

wafers into 10x10 mm2 pieces and pre-cleaned by 5 minutes ultrasonication and 

rinsing with 2-propanol. Following this, the substrates were submerged for 30-60 

minutes in a standard cleaning solution (SC1) [74] of 7% NH4OH/30% H2O2/Milli-Q 

water (vol. ratio 1:1:5) at 80°C, then rinsed thoroughly in Milli-Q water. The substrates 

b) c) 

Fig. 3.1 Colloidal mask preparation: a) applying of the solution to the water surface, 

b) addition of surfactant - close packing and c) deposition of a monolayer on a 

substrate. 

a) 
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were put into water at the opposite side of the anchored mask to avoid its destruction, 

placed at the bottom of the beaker, and aligned under the PS monolayer. Most of the 

water from the Petri’s dish was pumped out slowly (about 50 ml/min) with a 

membrane pump until the mask nearly touched the surface of the substrate. Finally, 

the monolayer was deposited onto the substrate by slow evaporation of the rest of the 

water [Fig. 3.1c].  

 

In Fig. 3.2 we present the results of the PS mask preparation. The first observable 

effect confirming the formation of a hexagonal crystal structure is the appearance of 

iridescent colors. 

The structure was observed for monolayers that are built of particles with sizes 

between 440 and 1710 nm. The next step in the sample preparation was the transfer 

of the mask onto the substrate. The final result of this procedures is presented in Fig. 

3.3. Depending on the mask quality, one or more iridescent colors were observed on 

the surface of the substrates. 

Fig. 3.2 Photograph of a colloidal mask on a water before close-packing. 

5 cm 
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For more detailed studies the samples were routinely studied with scanning electron 

microscopy (SEM). In this case SEM - Supra 55 with Gemini® column, from LEO Electron 

Microscopy Group was used to image the surface of the samples over large areas, 

which is very helpful to estimate the quality of the final structure. The images were 

acquired at an acceleration voltage of 2-6 kV for nonconductive, and 3-25 kV for 

conductive substrates, using an in-lens detector. Figure 3.4 shows exemplary results of 

the imaging of masks prepared with different sizes of the latex spheres: 440, 720 and 

980 nm respectively. One can see that the result of the colloidal mask preparation 

technique is a monolayer of latex spheres assembled into a lithographic mask and 

transferred to a solid substrate. 

 

These colloidal masks can be modified by reactive ion etching (RIE), which enhances 

the NSL to produce structures of different morphologies. The details about this process 

are presented in the following section. 

Fig. 3.3 Photograph of PS-masks on a silicon substrate. 

  2 μm   2 μm   2 μm 

  a)   b)   c) 

Fig. 3.4 SEM images of colloidal masks deposited on the substrate. Sphere sizes were: 

a) 440 nm, b) 720 nm, and c) 980 nm. 
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3.2 Mask modification - RIE 

The PS-masks deposited on the substrates can be modified in a post treatment etching 

process in which the diameter of the spheres can be reduced in a controllable way to a 

desired size. For this reason previously prepared samples were introduced to the 

reactive ion etching process (RIE). The RIE process utilizes dissociation and ionization of 

neutral gas in an alternating electrical field and consists of two simultaneous sub-

processes: First ions that were accelerated in an electric field collide with PS molecules 

and fracture them into radicals. This directional mechanical bombardment is called 

physical etching. Secondly, at the same time as the physical etching, an isotropic 

chemical etching caused by highly reactive neutral radicals diffusing to all surfaces 

proceeds [75]. During the RIE process, the side products of both etching mechanisms 

are constantly removed from the reaction chamber by a vacuum pump [Fig. 3.5].  

 

 

The reactivity ratio: isotropic/anisotropic of sub-processes can be controlled with a 

content of the procedure in which the most important parameters are the gas 

composition, plasma energy, pressure, and flow rate of reactive gas as well as the 

processing time. All details on RIE processes can be found in Ref. [76].  

 

Fig. 3.5 Reactive ion etching. 
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The etching is a very homogeneous process but to assure a good result one needs to 

fix the latex spheres on the substrates to avoid any movement during further 

processing. To ensure this, samples covered with latex particles were put on a heating 

plate at 105°C (temperature is slightly above the glass transition temperature of the PS 

particles) for ca. 10 s [Fig. 3.6]. This duration was derived experimentally and depends 

much on the thickness and heat conductivity of the substrate.  

 

All samples that needed a RIE mask modification are processed using a Mulitplex 

Atmospheric Cassette System (MACS) from Surface Technology Systems with the 

electrodes in the reactor in parallel-plate configurations. PS spheres are etched using 

a 60 W RF power plasma at a pressure of 8 Pa, while etching ion-compositions include 

argon and oxygen. The amount of applied gases can vary depending on the size of the 

used spheres. For smaller spheres (around 500 nm in diameter) one should use more 

oxygen, which causes that the etching is more aggressive. Such a procedure requires 

shorter process time. In contrary, for larger particles one should extend the etching 

duration and reduce the amount of oxygen gas. The process time for needs of this 

work varied from 0 to 65 seconds.  

The results of the etching of the PS sphere masks are presented in Fig. 3.7. PS 440 nm 

mask is deposited on α-Al2O3 substrate, annealed for 5 s at 105°C and etched in 

periods of 20 – 50 s using Ar/O2 (10/35 sccm) plasma, driven at 60 W and 8 Pa. The 

samples were characterized by SEM [Fig. 3.7], showing the reduced size of the spheres 

while the etching time was extended. Small difference in processing time (5 s) led to 

noticeable changes in the beads’ diameter, starting from not processed 440 nm PS-

masks [Fig. 3.7a], the resulting diameters for process durations of 20, 35, 40, 45 and 50 

s are 390, 370, 340, 300 and 285 nm respectively [Fig. 3.7b-f]. 

 

Fig. 3.6 Fixing of the PS mask to a substrate. 
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It was mentioned in the previous section, that one needs to fix the latex spheres to the 

substrates before introducing the samples to the reactive ion etching process. The role 

and results of thermal treatment of the samples is presented in Fig. 3.8. The SEM 

image [Fig. 3.8a] reveals the power of physical interaction during the RIE process on a 

not annealed sample. The ion bombardment effects the PS spheres: they are 

displaced, thus inducing random disorder in the periodic lattice. On the other hand, 

latex particles which were previously fused to the substrate resist on movement and 

remain on place during the plasma treatment as shown on Fig. 3.8b. 

 

 

 

 

 

 

 

Fig. 3.7 SEM images of etched PS-masks. RIE process duration: a) 0 s, b) 20 s, c) 35 s, 

d) 40 s, e) 45 s and f) 50 s. 

2 µm 

  a) 

2 µm 

  e) 

  b) 

2 µm 

  c) 

2 µm 

  d) 

2 µm 2 µm 

  f) 
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The prepared colloidal masks transferred to the solid substrates can act as a shadow 

mask for the material deposition process which is the basis of the NSL. Since the metal 

deposition process is very crucial for the structure development a brief introduction to 

the evaporation setup will be given.  

 

 

3.3 Material deposition 

All evaporation processes were done using a modified e-beam evaporator (BAK 640, 

Unaxis). Since the machine is a high-throughput system, it has an umbrella shaped 

holder for 24 5" wafers, as shown in figure 3.9a. Such a setup could not provide the 

necessary sample position control, therefore a separated holder is designed for 

shadow nanosphere lithography (SNSL) purposes [Fig 3.9b] which gives the necessary 

degrees of freedom to position the sample, of which the most crucial is the incident 

angle θ for the fabrication process.  
 

 

The distance between sample and evaporation source was 50 cm. Therefore it was 

safe to consider the trajectories of atoms that hit the sample as parallel to each other. 

During all deposition processes the base pressure in the chamber was lower than 

1.3 % 10��	Pa, while the material deposition rate was kept constant at 0.5 (/s. The 

thickness of the deposited material was controlled by a built-in quartz-crystal 

microbalance (QCM). 

Fig. 3.8 Scanning electron micrograph of a PS monolayer after RIE process 

a) without and b) with previously fixation of the latex spheres to the substrate. 

  a)    b) 
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3.4 Mask lift off 

After the material was transferred to the substrate, the PS mask could be removed in 

two ways depending on the thickness of the deposited film: 1) film thickness below 50 

nm - adsorption of PS spheres to an adhesive tape (Tesa film), then peeling it from the 

substrate; 2) film thickness above 50nm - lift-off treatment is based on ultrasonication 

of the samples in tetrahydrofuran (THF) , 1-methyl 2-pyrrolidone (NMP), or toluene (in 

some cases acetone was a sufficient solvent). Depending on the film thickness and 

type of the structure ultrasonication took from 30 seconds up to 1 hour. The 

temperature of the dissolving medium was increased up to about 70°C to improve 

cleaning. After THF, NMP or toluene treatment, the sample was rinsed several times 

with 2-propanol or acetone, then in Mill-Q water, and dried in a stream of argon.  

 

In the next sections, the results on the evaporation of the metals through ordinary and 

modified masks of the nanospheres will be presented. The requirements for the 

evaporation setup and influence of the mask on the final form of the structure will also 

be discussed. 

 

 

Fig. 3.9 Evaporation setup for SNSL. a) Vacuum chamber of BAK 640: (1) rotation high-

throughput holder, (2) evaporation sources, b) Schematic of evaporation system setup 

and orientation of a substrate during deposition process: (1) sample holder,(2) 

evaporation source, (3) crucible,(4) water cooling,(5) electron source,(6) shutter,(7) 

magnetic field. 

  a)   b) 

θ= 0 - 70° 
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3.5 Creation of triangular shaped metallic nanoislands 

The simplest nanostructure that one can create with this lithographic method was an 

array of triangular shaped nanoislands. The production procedure consisted of use of a 

not modified colloidal crystal deposited on a substrate as a mask for a material 

deposition process. During material evaporation the sample was set normal to the 

evaporation directions, i.e., there was no tilt between material source and sample (θ = 

0°).  

The material evaporation and mask lift off process resulted in an array of triangular 

shaped particles. Atomic force microscopy was used to characterize the dimensions of 

the nanostructures. The AFM measurements were performed with Dimension 3100 

with Nanoscope IV controller from Veeco. The samples were scanned in tapping mode 

using silicon tips, which had a nominal resonant frequency of 150 and 300 kHz 

respectively. Both kinds of AFM sensors had a tip radius of less than 10 nm according 

to the data provided by the manufacturer (Veeco Probes). 

The exemplary results of the sample preparation are presented in Fig. 3.10. Here, a 

gallery of arrays of different sized triangles is depicted. The initial spheres used for 

fabrication of triangles were: a) 380 nm, b) 540 nm, c) 980 nm d) and e) 1710 nm in 

diameter.  

It is clear that triangular particles follow the geometrical dependencies derived from 

the lithographic masks, thus their morphology can be easily deducted from the mask 

parameters. The sizes of these particles are proportionally to the diameter D0 of the 

spheres used to build the mask. The height of the particle h, its separation Sd and surface 

S
�

 is easily calculated from simple geometric considerations as shown in Fig. 3.11. 
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Fig. 3.11 Some geometric dependencies of shape of particles obtainable by a perpendicular 

evaporation through the original masks. 
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Fig. 3.10 Nanotriangles arrays fabricated with different colloidal mask size: a) 380 nm, 

b) 540 nm, c) 980 nm, d) and e) 1710 nm, respectively. 
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Since the preparation process requires only a deposition of the colloidal mask onto the 

substrate and subsequent evaporation of the metal, still one can encounter some 

defects in the final form of the structure. Here, the quality of the prepared mask and 

thus that of the used spheres have the most important influence on long periodicity 

and quality of the nanostructured arrays. Some of the typical defects which can be 

found in the samples are presented in Fig. 3.12. If the sphere size distribution reaches 

a coefficient of variation above 3% than one can expect a series of connected triangles, 

forming a line as depicted in Fig. 3.12a. This results from a smaller sphere which 

disturbs the desired hcp structure leaving a small gap between neighboring spheres. 

The second most common defect arises from an additional sphere appearing on the 

top of the monolayer. Such a sphere settles down directly in between the spheres and 

blocks an interstice from the deposition of material, which results in a missing particle 

in this place [Fig. 3.12b]. The last possible defect comes from insufficient close packing 

of the spheres, which produces pairs of triangles connected with their tips. The latter 

situation is presented in Fig. 3.12c. Still one has to remember about proper cleaning of 

the samples, because insufficient chemical or mechanical treatment may result in 

material residuals [Fig. 3.12d]. 

 

Fig. 3.12 Possible defects in arrays of triangular particles: a) series of connected 

triangles – smaller sphere, b) missing triangles – multilayer colloidal mask, c) pairs or 

groups of connected triangles – insufficient close packing of monolayer, d) spheres 

residuals – inadequate sample cleaning. 
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The perpendicular deposition of the material through a RIE modified mask may result 

in formation of structures with different morphologies. In the following section the 

preparation and structural characterization of nanohole arrays will be presented.  

 

 

3.6 Creation of holes 

As described in chapter 3.1.1 the etching process is increasing the area of the void 

spaces between the polystyrene spheres and causes the contact areas between them 

to split open and can be used for production of arrays of subwavelength holes in 

metallic films. In short, as in the case of triangular shaped structures a formed from PS-

spheres with diameter of 440 nm monolayer was deposited on sapphire chips. As we 

know, this close-packed structure prohibits the growth of an array of particles. Thus 

the diameter of the PS-spheres had been reduced by means of reactive ion etching. 

Samples were modified in a RIE chamber using following constant parameters: Ar=10 

sccm, O2=35 sccm, P=60 W, p=8 Pa, while the process duration was varied between 20 

and 50 s. Afterwards, the obtained structure was used as a mask in the metal 

evaporation process. The deposition of 50 nm of material (e.g., Aluminum) onto the 

samples took place under the same conditions as in case of formation of the 

nanotriangles: the evaporation angle was kept at θ = 0°. Finally, all samples were 

cleaned with standard mask lift-off procedure (see section 3.4).  

The samples were routinely characterized under a scanning electron microscope, 

which confirmed the formation of a large area of defect-free arrays of subwavelength 

holes [Fig. 3.13a] with a high quality long range order [Fig. 3.13b].  

1 µm 

  a)   b) 

1 µm 

Fig. 3.13 SEM image of a 50 nm thick Al film with subwavelength holes: a) the measured 

hole diameter was approximately 254 nm, b) the defect free area ranges hundreds of µm
2
. 

  254 nm 
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Secondly the investigations of series of samples revealed that applying different 

etching times resulted in decreasing hole diameters in structures. The consequence of 

the RIE process duration set to 20, 30, 40, and 50 s and evaporation of 50 nm of Al 

were holes with diameters of 385, 340, 325, and 254 nm, respectively, as is shown in 

Fig 3.14.  

 

 

More detailed studies of the structural properties of the samples were performed 

using an atomic force microscope. The AFM investigation of the sample prepared with 

RIE time of 50 s revealed that single hole diameter was 250 nm [Fig. 3.15], which 

confirmed the adequately chosen etching parameters. The cross-section of a 

structured film presented on the right panel of a Fig. 3.15 shows that the evaporation 

process resulted in the desired film thickness of 50 nm. The local roughness of below 5 

nm is an evidence of a smooth film surface. Additionally, the measurements reveal 

that the holes are free of any polymer residues [Fig. 3.14 and Fig. 3.15], which highly 

depends on the solvent used for the cleaning process and the duration of the 

ultrasonication. Figure 3.16 shows a comparison of the cross section of the hole arrays 

cleaned in THF ultrasonication bath for 3 min [Fig. 3.16a] and another sample cleaned 

 1 μm 

  a) 

 1 μm 

  b) 

 1 μm 

  c) 

 1 μm 

  d) 

Fig. 3.14 SEM images of nanoholes arrays. The diameter of a single hole is a) 385 nm, 

b) 340 nm, c) 325 nm and d) 254 nm. 
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in Toluene in an ultrasonic bath for 30 min. The latter treatment removes completely 

the PS residues as presented in Figure 3.16b. 

 

The results show that the choice of the proper etching time lead to a desired hole size 

in a mesh of metal film. The hole diameter is not the only parameter that we are able 

to control, the initial size of the spheres used for mask preparation has influence on 

the interhole distance. Therefore, etching the colloidal monolayers prepared with 

5 µm 0 

100nm 

Fig. 3.15 AFM image of an array of holes in a 50 nm thick Au film. Left side: topography 

image. Right side: cross-section image confirming that the observed hole diameter is 

250 nm, while the hole periodicity is 470 nm. The measured film thickness is approx. 

50 nm plus 2nm of a Ti buffer layer. 

Fig. 3.16 AFM topography images of an array of holes in a 50 nm thick Au film showing 

the importance of proper sample cleaning process a) sample sonicated for 3 min in 

THF - PS-residuals left, b) sample sonicated for 30 min in Toluene. 

  a)   b) 
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spheres of various sizes can be used to change the geometry of the final form of the 

nanostructure. The gallery of AFM images [Fig. 3.17] shows different hole arrays, which 

were prepared by RIE on masks. The initial sphere diameter was: a) 440, b) 540, c) 980, 

and d) 1200 nm. The mesh size was 255, 320, 700, and 720 nm, respectively. 

 

The etching process, change of evaporation angle and the orientation of the crystalline 

of the mask can lead to the formation of wire-like structures. The details on the 

preparation of such structures will be presented in the next section. 
 

3.7 Creation of wires 

To fabricate nanowires by means of NSL, one has to know the orientation of the mask 

(before or after etching) on the substrate prior to the material evaporation, since the 

orientation of the mask is not controlled during the monolayer preparation. The 

orientation of the PS - mask can usually be checked afterwards by laser diffraction, as 

the particles remain in high quality long-range order. It is therefore possible to observe 

diffraction patterns and thus gain the necessary information about orientation and 

spacing within. Such a diffraction pattern for 440 nm particles is presented in Fig. 

3.18a. To obtain such a pattern the laser wavelength has to be adjusted to the particle 

5 µm 0 

  c) 

100nm 

  a) 

100nm 

5 µm 0 

  b) 

100nm 

0 5 µm 

5 µm 0 

  d) 

100nm 

Fig. 3.17 Series of nanohole arrays with initial sphere/hole size of: a) 440 nm / 255 nm, 

b) 540 nm / 320 nm, c) 980 nm / 700 nm and d) 1200 nm / 720 nm. 
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size. For very small particles a UV laser is necessary or scanning electron microscopy 

(SEM) imaging can be used to determine the orientation of the high symmetry 

directions of the lattice/crystal. 

 

The key aspect for the fabrication of nanowires is thus the orientation of the sample 

during the evaporation. To ensure a proper generation of nanowires the sample 

normal must be tilted by a minimum of θ = 60°. Additionally, the projection of the 

tilting axis to the sample’s surface must be perpendicular to one of the high symmetry 

axes of the mask crystal. Previously, triangular shaped nanoparticles or the hexagonal 

lattice of holes were generated when the sample’s normal is parallel to the 

evaporation beam (θ = 0°).  

Following the mask creation procedure we have prepared at first a monolayer of 440 

nm latex spheres, which was deposited on sapphire substrates. After the drying 

process the samples were modified in a RIE chamber using following constant 

parameters: Ar=10 sccm, O2=35 sccm, P=60 W, p=8 Pa. Process duration was varying 

between 45 and 55 s. In the next step samples were installed in the EBE system and 

100 nm of Gold and Fe preceded with a buffer layer of 2 nm of Titanium (thin Ti film 

acts as an adhesive layer for the desired materials [78]) was deposited under an angle 

of θ = 70o. Finally, all samples were cleaned as before and dried under an Ar stream. 

Afterwards, we characterized the samples by means of SEM and AFM. As is shown on 

the scanning electron microscope micrographs [Fig. 3.19a] a highly oriented and long 

range nanowire array is obtained. The defect free array covers an area up to hundreds 

Fig. 3.18 Determination of mask orientation: a) Macroscopic laser diffraction pattern 

used for measuring the orientation of latex nanosphere mask, b) real space image of 

the position of the spheres and possible evaporation directions (green arrows), A and B 

denote the two high-symmetry directions of the structure, respectively. 

a) b) 
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of square micrometers [Fig. 3.19b]. The two lower panels show atomic force 

micrographs of the structural properties of the obtained wires [Fig. 3.19c and d]. 

 

It is clear that the spheres' shape has a strong influence on the final form of the 

nanowires leaving periodic half spherical curvature. This leads to a more complex 

structure than a one dimensional grating made of straight wires with cubic or 

rectangular cross-sections. Gratings having wires with a rectangular cross section are 

sometimes denoted as slit gratings.  

 

An additional profile measurement was performed perpendicular to the direction of 

the wires [Fig. 3.20]. In this case, the spectral period of 386 nm was estimated. This 

value corresponds well to the used nanosphere diameter. AFM measurements pointed 

to a wire thickness of ca. 35 nm. In this case a gap size between two wires modulates 

among 210 nm and 255 nm when to half spherical curvatures are convex and concave 

to each other, respectively. The change of gap size is present in the horizontal as well 

as the vertical direction referring to the position of the wires.  

 

  b) 

Fig. 3.19 Experimental results of the obtained nanowire array: a) and b) SEM images,  

c) and d) atomic force microscopy imaging. 

  a) 

100nm 

  c) 

5 µm 0 

  d) 

100nm 

3 µm 0 

 5 μm  5 μm 
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The geometric parameters can be controlled by the etching process (wires width and 

gap size) or by use of different size of spheres (periodicity). In Fig. 3.21 AFM images of 

nanowire arrays are presented. Their periodicity was changed by use of spheres which 

initial diameters of: 440, 540, and 1200 nm. 

 

 

 

 

 

Fig. 3.20 Structural properties of Au nanowires. Line width is 140 nm, thickness is 35 nm 

and distance between neighboring lines is 240 nm. The sphere size used for preparation 

is 440 nm in diameter. 

 

1 µm 0 

100nm 

5 µm 0 

  a) 

100nm 

5 µm 0 

  b) 

100nm 

5 µm 0 

  c) 

100nm 

Fig. 3.21 Change of structural properties of the nanowire array by choice of spheres 

of initial diameter: a) 440 nm, b) 540 nm, and c) 1200 nm. 
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Such a multistep preparation process requires high precision in every step. Small 

mistakes can lead to unplanned defects in the final form of the structure. Beginning 

from the mask preparation one has to avoid drowning of the spheres because this will 

lead to defects like single spheres on top of the multilayer but even more to multilayer 

crystals. So during the RIE process it is crucial to control the parameter space because 

this directly affects the structural properties and thus the quality of the layers. For 

example, if the etching time is too long, an inhomogeneous shape of the etched 

spheres might be the result, which directly leads to a varying width and nonlinear 

wires [Fig. 3.22b]. Finally, finding the correct evaporation direction with respect to the 

crystal orientation and deposition of material along the principle direction (for details 

see page 37) and angle leave other possibilities for mistakes. Figure 3.22c presents 

results of incorrect orientation of PS-masks on substrates resulting in very short and 

mostly inhomogeneous wires. 

 

 

 

 

 

 

  a) 

10 µm 0 5 µm 0 5 µm 0 

  b)   c) 

100nm 100nm 100nm 

Fig. 3.22 Defects in nanowire arrays caused by: a) extra spheres, b)bad etching c) wrong 

crystal orientation for evaporation. 
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4. Sample characterization – 

optical properties 

 

 

 

 

 

 

In this section we will focus on the plasmonic properties of the nanostructures of 

various morphology. The investigations require a selection of appropriate materials 

utilized for samples’ preparation. Certainly gold is a right choice, since its optical 

response is well known. These optical properties as well as the influence of various 

structures on the plasmonic characteristics lead to different experimental possibilities 

in which gold is a leading medium; nevertheless for some structures other materials 

for comparison were used. 
 

4.1 Experimental setup 

Investigations of the optical properties were carried out with an UV-Vis-NIR 

spectrometer (Varian, Carry 5000) between 200 and 3000 nm. The spectrometer is 

equipped with two home build sample holders, which enabled to change the incidence 

angle θinc [Fig. 4.1a], as well as the sample rotation angle φ [Fig. 4.1b]. The sample can 

thus be rotated around the surface normal to change the angle between the light 

polarization and the nanostructure. 
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In addition near-field optical investigations were performed using a combined 

AFM/scanning near-field optical microscope (SNOM; Mutliview 1000, Nanonics 

Imaging Ltd). A schematic of the SNOM setup is shown on Fig. 4.2. A He-Cd laser set for 

operation at wavelength of 442 nm is used as an illumination source. In this setup light 

passes through a half-wave plate and a polarizer, this enabled a control of the intensity 

and the polarization. Afterwards the light is coupled into a multimode fiber with a 

tapered Al-coated tip, the aperture diameter of a fiber tip is between 50 and 100 nm. 

This offers the opportunity of local illumination of the sample. While working in 

transmission mode, the light is collected behind the sample through a microscope, and 

after passing a filter, it is directed to an avalanche photo diode. 

b) 

Fig. 4.1 Home build sample holders used for far field measurements that enabled the 

change of two angles: a) incidence angle θinc,- for measurements of nanohole arrays 

b) rotation angle φ – for measurements of nanowire arrays. 

a) 

Fig. 4.2 Schematic of the experimental setup for the illumination-mode SNOM 

measurements in transmission. 
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4.2 Plasmonic properties of an array of triangular shaped gold 

nanoislands 

In general nanoparticles with nonplatonic shapes (tubes, flakes, rods, prisms etc.) 

fabricated from different materials and by various techniques have recently attracted a 

lot of attention [79-87] mostly because of their interesting optical properties and the 

large variety of possible applications, i.e., for biosensing [88, 89], catalysis [90], or data 

storage [91]. As presented in section 2.1 materials that exhibit a large negative real 

and small positive imaginary dielectric function are capable of supporting a collective 

excitation of the conduction electrons known as plasmon excitation. In metal 

nanoparticles this leads to a localized surface plasmon resonance (LSPR) [25, 30, 51]. 

Recent works demonstrated that the position of the LSPR extinction maximum, λmax, is 

sensitive to the size, shape, interparticle spacing, dielectric environment, and dielectric 

properties of the nanoparticles [92-96]. As a result, metallic nanoparticles that support 

LSPR are promising platforms as highly sensitive optical nanosensors, as photonic 

components, and in surface-enhanced spectroscopies [92, 97-100]. It is well 

established that Ag and Au nanoparticles support localized surface plasmon 

resonances that can be widely tuned from UV to near-IR regions of the 

electromagnetic spectrum [101, 102]. In this section the plasmonic properties of 

triangular shaped nanoparticles of different size established in a hexagonal array will 

be investigated.  

To obtain a different size of triangular nanoparticles PMMA (poly-methylmethacrylate) 

and polystyrene nanospheres with diameters of, 380 (PMMA), 540, 980, and 1710 nm, 

were used. After transferring the mask to sapphire substrates a deposition of 2 nm Ti 

(adhesion layer) followed by 20 nm thick Au films was carried out in an e-beam 

evaporation-system with a base pressure of 10−7mbar. After the cleaning procedure 

the samples were characterized for structural and optical properties. 

The UV-Vis-NIR spectroscopy technique was chosen to examine the samples optically - 

especially for the existence of the surface plasmon resonances. Different from 

transmission measurements on other structures presented in the following sections, 

here the optical absorption data for the arrays of triangular particles were 

investigated, while absorbance is defined as: 

 

Aλ=log(I0 /I)            (Eq. 4.1) 

 

where I is transmitted light intensity and I0 is the incident light intensity. 
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The experiments were carried out in the wavelength range between 200 – 3000 nm 

under normal incidence of light (no rotation or tilting was employed).The experimental 

spectra for 20 nm thick Au triangles on sapphire substrates deposited through masks 

with sphere diameters 0D = 380, 540, 980 and 1710 nm are shown in Fig. 4.3 (the data 

were reproduced after [77]). The AFM images on the top of the chart represent the 

fabricated structure for each 0D . The aspect ratio between figures is kept, and reflects 

the difference in structures size. Each spectrum is strongly dominated by a pronounced 

resonance peak at a wavelength of 704 nm, 996 nm, 1417 nm and 2417 nm 

respectively (denoted in Fig. 4.3 for each series with a colored arrow with index 1). The 

position of each absorption feature strongly depends on 0D . It is expected, that these 

resonances are from a highly dispersive, plasmon – polaritonic mode, since similar 

resonances have been observed in metallic clusters [103, 104]. As it was shown by 

Peng et al. [105], one has to assume that these resonances (as well as higher order 

resonances marked on the chart with an arrow and index corresponding to the order 

of the resonance) can be viewed as circumferentially quantized surface plasmon 

waves. We ignore for the moment particle-particle interactions. Since each side of the 

quasitriangular particle equals approximately 1/6 of the sphere circumference π 0D , 

the circumference of the particle is π 0D /2, and thus the circumferential quantization 

condition requires that this circumference is equal an integer multiple of the 

wavelengths of the resonating surface/edge plasmon wave (λSP): 

 

 

(Eq. 4.2) 

 

 

where � = 1, 2 ,3 ,4 is the integer for first (main peak), second, third and forth order of 

resonance respectively. 

�%
� ≈
45


2
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The other possible interpretation of the peaks at the positions marked as 2nd, 3rd and 

4th order for the triangles fabricated with 540, 980, and 1710 nm respectively is that 

they belong to the transversal plasmon resonance, which occurs in a thickness of the 

structure. For the triangles made using of 380 nm spheres this peak is not visible, this 

could be due to the fact that the main absorbance peak is very pronounced and close 

enough to overlap small transversal resonance. 

In Table 1 the measured (λmax) and calculated λSP peak positions for different orders (�) 
and size of spheres used to fabricate arrays of gold nanoislands are gathered. The 

Fig. 4.3 Measured optical absorbance (in arbitrary units) for the quasitriangle arrays 

with various . The AFM images on the top of the chart represent fabricated structure 

for each . Spectra of the light exhibit first (most pronounced), second, third and 

forth absorbance peaks for variously sized Au quasitriangular particles which were 

made of different sphere diameter for NSL as presented in a legend of the chart. Arrows 

with respective index mark absorbance peaks (λmax) for adequate plasmon resonance 

order of the triangular particles. The wavelength at the maximum on each curve 

increases with the sphere diameter = 380, 540, 980, and 1710 nm.  
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values for λSP, were obtained by using Eq. 4.2 and the values for λmax were taken from 

Fig. 4.3, where wavelengths were read for each arrow-mark (wavelength at a peak) for 

adequate 0D .
  

 

Table 1 Calculated and measured resonance peak positions. 

 

 
D0 [nm] 

380 540 980 1710 

� λmax λSP λmax λSP λmax λSP λmax λSP 

1 704 597 996 848 1417 1539 2417 2686 

2 - 298 596 424 799 769 1551 1343 

3 - 198 - 282 658 513 875 895 

4 - 149 - 212 - 385 709 671 

 

Figure 4.4 shows the resonating mode dispersion plotted as ωn/2πc=1/λmax versus 

k/2π=1/λSP. and �. n represents the effective refractive index of the medium which 

surrounds the nanoparticles (of order 1 in this case). Depending on 0D  more or less of 

higher order peaks are visible, i.e., for 17100 =D nm four and for 3800 =D nm only 

one order is visible. In Fig. 3.26 the black squares are indexed with numbers indicating 

the resonance order (for � = 1, 2, 3, 4). All of the points congregate around a single line 

(magenta line in Fig. 4.4), which is drawn here just as a guide to the eye. This confirms 

that all of the resonances (measured and calculated) belong to a single mode. The solid 

blue line represents the corresponding light line (photon dispersion): ω=kc/n or simply 

1/λmax=1/λSP. 

For comparison with the experiment, Peng et al [105] performed simulations, based on 

the finite difference time domain (FDTD) computation scheme, and the results are 

presented in Fig 4.4. Here the white squares represent the simulated dispersion for 

arrays of triangular-shaped particles. Additionally, a simulated optical absorbance for 

quasitriangular arrays is depicted as the inset. The 0D  chosen for the simulations 

reflects the sphere diameter used for the experiment.  
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Clearly, all resonances belong to the single mode. The surface/edge plasmon mode in 

this quasitriangular nanoparticle lattice follows the photon line for wavevectors 

k<0.007 nm−1. This is the retarded, or polaritonic regime, in which the mode is a 

photon-plasmon hybrid (plasmon polariton) [106]. For large wavevectors k>0.007 nm−1 

(nonretarded regime), the dispersion curve deviates from the light line. This is due to 

presence of the Mie resonance in a center of mass [105 and references therein], which 

is the collective motion of the oscillating electron gas in a potential of the positive 

background. The above mentioned experimental results stay in a very good agreement 

with theoretical calculations as presented in Fig. 4.4. The fit to the simulated 

dispersion of the arrays of triangles is nearly identical with the guideline of the 

measured dispersion [106]. The above discussions regarding plasmonic features 

include only features which appear in Fig. 4.3 for wavelengths equal to and shorter 

Fig. 4.4 Measured and simulated dispersion of the resonating surface/edge plasmon in 

an array of quasitriangle nanoparticles: measured for all orders, where the numbers by 

the black squares indicate the corresponding order (for � = 1, 2, 3, 4) respectively. The 

solid blue line is the light line. The solid magenta line is a fit to the measured data.

Simulated dispersion for arrays of triangles is depicted with white squares. The solid 

green line is a fit to the simulated data. The inset shows the simulated optical 

absorbance (in arbitrary units) for the quasitriangle arrays with various , to be 

compared to the corresponding experimental data in Fig. 4.3. 
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than the main absorbance peak position (different orders of surface/edge plasmon 

mode). Besides that, there is also an additional feature that can be seen. It is a red-

shift and broadening of the resonance according to the 1st order surface/edge 

plasmon. This peak is noticeable for arrays of triangular particles fabricated with 

spheres of D0 =380, 540 and 980 nm, at 1345 nm, 1675 nm, and 2414 nm, respectively. 

For the spheres of D0 =1710 nm this peak is not present because it is a secondary 

maximum being beyond detector range. These features are most likely an outcome of 

connected triangles like those presented in Fig. 3.12a and c, which form a bigger 

surface (volume) in which surface plasmons can oscillate. As previously mentioned 

such imperfections can be produced due to mask imperfections or dislocations.  

Following measurements of the triangular shaped nanoislands a characterization of 

the perforated films has been carried out. 
 

4.3 Plasmonic properties of array of holes: Gold and Aluminum 

The transmission properties of a subwavelength hole in a metal film have been studied 

since decades. But, the most intensive investigations have been carried out after 

Ebbesen and co-workers experimentally showed that the extension of a single hole to 

an array of subwavelength apertures leads to an enhanced transmission of light (as 

mentioned in section 2.3.3). Since first predictions for a single aperture published by 

Bethe in 1944 [64], many attempts to understand the transmission properties, which 

are fundamental in near-field optical microscopy were done. In addition a huge 

amount of theoretical [107-109] and experimental [110-113] studies have been carried 

out to understand the underlying physics. However, the results of the transmission 

measurements on these subwavelength hole arrays draw the attention to 

nanostructure films. There was a need to find the origins of the processes responsible 

for the reported enhanced transmission. There is still a lot of discussion and 

disagreement on the origin of the underlying physics describing the extraordinary 

transmission. The two approaches are: the model of coupling of light to surface 

plasmons [17, 62, 114] and the model of evanescent waves [115]. Finally, it was 

clarified [116] with advantage to the model of coupling to SP, which is connected to 

the geometrical parameters of the array of holes. Thus the change of parameters like 

hole depth and period has an influence to the plasmonic response. Still the recent 

works report only on results of optical properties of arrays with square symmetry of 

holes in films.  

Therefore, in the following sections the experimental results on hexagonal arrays of 

holes in a gold and aluminum film will be presented. The characterization was carried 
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out on hole arrays in gold and aluminum films of thickness 20, 50 and, 120 nm. For the 

Au films a buffer layer of 2nm Ti was used, as in the case of nanotriangles. The 

measured hole diameter DH is 250 nm and the interhole distance is kept constant at 

470 nm. 

4.3.1 Far field results 

The far-field optical characterization results measured in the range between 200 and 

2500 nm are shown in Fig. 4.5. The measurements show transmission spectra of 

samples taken under normal incidence, for a gold (panel a) and an aluminum (panel b) 

nanostructured film. Additionally, the spectra of 20 nm thick film (blue lines) are 

included for comparison. As expected, the solid and structured gold films show as 

spectral feature a pronounced peak at 2.5 eV ( ~500 nm) which origin is quite complex. 

Gold material as well as copper exhibit considerable overlapping of bulk plasmon 

resonance edge and interband transition in the visible range. [117]. Here one can 

observe the rising edge from 2.3 eV (540 nm) towards shorter wavelengths which is 

due to the bulk plasmon edge following with interband transition trough at around 2.5 

eV, where d-electrons are promoted to the s-p conduction band [118]. The peak 

broadens slightly with decreasing the film thickness. Such effect is very pronounced in 

case of small nanoparticles, when the particle’s radius is reduced, the conduction 

electrons (which are almost free) experience collisions not only with positive 

background but also with the surface. Thus, the electrons mean free path in Eq. 2.12 

from section 2.2.4 is decreased causing the escalation of the damping factor � which 

explains the broadening of the surface plasma resonance peak. Some additional 

features are visible in the spectra of gold hole arrays at 820 nm, 870 nm, and 1000 nm 

for all film thicknesses. These peaks tend to red shift and broaden with decreasing film 

thickness. The width of the peaks appears to be strongly dependent on the aspect 

ratio, i.e., the film thickness divided by the diameter of the cylindrical holes (t/DH). For 

a film thickness to hole diameter ratio close to 0.1, the peaks are very broad and just 

discernible and when the ratio reaches ~0.5, the maximum sharpness is obtained. 

Further narrowing might depend on the quality of the individual holes [17]. In the 

study done by Ebbesen, he also claims that an array of such holes can present spectra 

with highly zero-order transmission (where the incident and detected light are 

collinear) at wavelengths which are longer than the period of the array (470 nm), 

beyond which no diffraction can occur. In our case the additional interesting features 

are the two pronounced peaks above 1000 nm which in fact is much longer than the 

hole diameter: the first one is centered around 1200 nm and the second one around 

2100 nm, respectively. One can observe that while the film thickness is decreasing, the 
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peak intensity increases for the peak at 1100 nm and decreases for the peak at 2100 

nm. Finally, for the 20 nm gold film only the first, strongly pronounced peak at 1000 

nm remains. This behavior points towards a change in the oscillator strength.  

Other additional features for array of holes can be connected to surface plasmons (SP) 

at maxima and following close to them Wood anomalies at minima positions [62, 113, 

119]. To prove this statement, we have calculated with Eq. 2.21 wavelengths at which 

the surface plasmons are expected for both interfaces and are depicted with blue and 

black dashed lines in Fig. 4.5a. The peak positions for the metal – air interface are 

labeled as SPA, the label SPS is related to the peak positions for the metal-substrate 

interface. The numerical data is gathered in the Table 2. Additionally, for both 

dielectric materials boundaring with the hole arrays the positions of Wood’s anomaly 

are calculated with Eq. 2.23 and depicted on the Fig. 4.5a. Here red dashed lines 

labeled as WAA and magenta dashed lines labeled as WAS represent positions for air 

and substrate respectively.  

 

Table 2 The calculated wavelengths at which surface plasmons (SP) or Wood’s anomaly 

(WA) are expected in Au nanohole array. 

 

λ-SPA (i, j) λ-SPS (i, j) λ-WAA (i, j) λ-WAS (i, j) 

1218 (1, 0) 2168 (1, 0) 407 (1, 0) 724 (1, 0) 

703 (1, 1) 1251 (1, 1) 235 (1, 1) 418 (1, 1) 

460 (2, 1) 819 (2, 1) 203 (2, 0) 362 (2, 0) 

351 (2, 2) 625 (2, 2) - - 273 (2, 1) 

- - - - - - 209 (2, 2) 
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a) 

b) 

Fig. 4.5 UV-Vis-NIR transmission spectra: a) Gold and b) Aluminum films with a 

thickness of 20 nm (blue line) and films with hole arrays showing differences in 

their spectral features. The film thickness is 20 nm, 50 nm and 120 nm and is 

represented with black, red, and green color line respectively. The red, pink, black 

and blue dashed lines denote the calculated positions at which Wood’s anomaly 

and surface plasmons are expected. The A and S letter the metal - air and metal -

sapphire interfaces respectively.  
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One has to keep in mind that the Eq. 2.21 doesn’t take into account the physical 

presence of the holes it just makes use of an array. It also doesn’t consider the 

associated scattering losses. Besides, it neglects the interference between a predicted 

by Bethe direct transmission of light through the holes and the resonant one due to 

the excitation of surface plasmons, which can manifest with presence of Fano profiles 

on a spectra [120] and a red shift of the resonance [121]. 

The consequence of omission of the above facts is that calculated peak positions are at 

wavelengths slightly shorter than in experimental data presented in Fig. 4.5.  

For the first approximation our calculations explain the features for wavelengths 

longer than 500 nm in the case of the 50 nm and 120 nm thick gold hole arrays [Fig. 

4.5a, red and green line]. As it was mentioned before, at around 500 nm (2.5 eV), 

which is the wavelength region of the plasma edge and interband transition, the 

transmission is totally intermixed with peaks related to Wood’s anomaly forming a 

complex pattern. Since this very simple single-interface-at-a-time approach is justified 

only for films that are much thicker than the field penetration depth (~20 nm), some 

discrepancy is expected for the 20 nm film. For this optically very thin film, a strong 

contribution resulting from the direct transmission is expected.  

The shift of the peak is attributed to the coupling of the surface plasmons on both 

interfaces of the film and thus directly to the thickness of the metal film [122, 123]. 

Figure 4.5b shows the spectra for aluminum films. Once again the blue line represents 

the transmission spectrum for a solid film with thickness of 20nm. Here at 800 nm 

(1.5 eV) the known through related to interband transition is pronounced [124, 125]. 

In contrast to the gold spectra, the spectra for the aluminum films showed essentially 

similar results for the different film thicknesses; except for the overall scaling. 

Additionaly, there are no pronounced peaks related to a surface plasmon overlapped 

with interband transition edge in the visible. Besides, a bulk plasmon for Aluminum 

appears at high energy (15.2 eV) [126] which is beyond our interest). Unlike to the case 

of gold we didn’t observe any features in the strongly subwavelength regime, i.e., for 

wavelengths larger than 1000 nm. The features below 750 nm are most likely due to 

Wood’s anomalies. Both troughs near 700 and 400 nm have a Fano profile, pointing 

towards Wood anomalies mediated by surface plasmons. As for gold we have 

performed calculations to theoretically find the wavelengths at which the surface 

plasmons as well as Wood’s anomaly could be present. The calculated data are present 

in the table 3. 
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Table 3 The calculated wavelengths at which surface plasmons (SP) or Wood’s anomaly 

(WA) are expected in Al nanohole array. 

 

λ-SPA (i, j) λ-SPS (i, j) λ-WAA (i, j) λ-WAS (i, j) 

408 (1, 0) 730 (1, 0) 407 (1, 0) 724 (1, 0) 

230 (1, 1) 442 (1, 1) 235 (1, 1) 418 (1, 1) 

  395 (2, 0) 203 (2, 0) 362 (2, 0) 

  280 (2, 1) - - 273 (2, 1) 

- - - - - - 209 (2, 2) 

 

The calculated values are plotted on Fig. 4.5b with the same symbols and color-scheme 

as for the gold samples. One can see that theoretical calculations stay in very good 

agreement with experimental results (keeping in mind the slight red shift which origin 

has been discussed before). It has been revealed that the feature at 750 nm is not just 

the result of broad plasma edge transmission peak. Here, we encounter the same 

situation as for the gold perforated films. The interband transition through is preceded 

by a peak attributed to a surface plasmon resonance, which is responsible for 

enhanced transmission of light in these wavelengths region. These features are 

followed by trough at 724 nm being a direct result of Wood’s anomaly forming 

together a Fano profile. The same explanation applies to features which are present at 

higher energies. Here the most emphasized is a peak at around 500 nm and a trough at 

around 400 nm. In overall scaling, one can observe that all of the features tend to shift 

towards shorter wavelengths while the perforated film thickness is increased. This is 

the effect of the aspect ratio between the holes diameter and their depth, the same as 

described for the gold samples. 

Additionally for both materials angle-dependent transmission measurements have 

been performed for the 50 nm thick films (Fig. 4.6). Already small changes in the 

incidence angle marked changes in zero-order transmission spectra which were 

recorded every 2°. In the case of Au at around 1000 nm a change in intensity and a 

shift of the structure with simultaneous peak splitting and movement in opposite 

directions is recognizable (Fig. 4.6a red dotted line). Such behavior can indicate the 

development of a band structure.  
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To confirm this statement angle dependent measurements were performed, mapping 

the optical band structure for incident angles up to 24° along the ΓΚ-direction of the 

hexagonal array [Fig. 4.7]. In the graph the evolution of the peak at around 1000 nm 

a) 

b) 

Fig 4.6 Angle of incidence dependent optical spectra of a 50 nm thick perforated films. 

Blue and red dashed lines mark the features in spectra remaining on and changing 

their positions for: (a) gold and (b) aluminum as film material, respectively. 
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can be followed. Additionally, the calculated dispersion relation for the SP 2-1 mode 

(for the metal-substrate interface extended for the different incidence angles [127] 

Eq. 2.21) is included in the picture (dashed line). This calculated curve matches the 

measured (dotted line) dispersion very well and indicates the creation of the band 

structure, more precisely a plasmonic band structure since this peak is attributed to a 

surface plasmon. The peak at 500 nm remains on its position while the incidence angle 

is changed (blue dotted line in Fig. 4.6). 

 

 

For 50 nm thick perforated Al film the two high-energy troughs at 400 and 700 nm 

respectively are shifting (Fig. 4.6b red dotted lines) with increasing k parallel 

(�� � +����+ sin �). To prove the correct interpretation of these features, the results of 

angle dependent measurements were presented as a map of optical response, were 

one can follow the evolution of the recorded peaks and troughs [Fig. 4.8]. The 

changing positions of the surface plasmons are marked with black dashed lines 

indexed with the corresponding mode number. The Wood’s anomaly related troughs 

are denoted with black dotted lines. Due to the change of the angle of incidence one 

Fig. 4.7 Angle dependent measurements of 50 nm thick gold perforated film along the 

Γ Κ-direction of the hexagonal array. The dotted line denotes the evolution of the 

measured SP peak, dashed line – theoretically calculated dispersion of the SP (2, 1) 

mode for the metal – substrate interface. 

T (%) 
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can observe that the Wood’s anomaly give a rise to a set of minima which closely 

follow the measured maxima of the SP dispersion. Additionally the calculated 

dispersions of the two surface plasmons modes are denoted with red dashed lines, and 

they prove the correct interpretation of the corresponding to them measured surface 

plasmon modes. These confirm that recorded surface plasmon dispersion curves for 

aluminum film with subwavelength holes indicate the creation of the plasmonic band 

structure, as it was presented in the case of gold samples, but unexpectedly Al 

manifests richer plasmonic band structure in the visible regime than gold perforated 

films.  

 

 

For a more detailed study of the origin of enhanced transmission near-field 

measurements were performed. The results of these measurements are presented in 

the following section. 

 

 

Fig. 4.8 Angle dependent measurements mapping of 50 nm thick aluminum perforated 

film. The black dashed lines denote the evolution of the measured surface plasmons 

peaks and dotted lines indicate the Wood’s anomaly troughs, excited on: S - metal–

substrate and A - air–metal interface. The red dashed lines represent the calculated 

dispersion of (1, 0)S and (1, 1)S surface plasmons.  

T (%) 

(1, 0)S 

(1, 0)S 

(1, 1)S (1, 1)S 

(1, 0)A 
(1, 0)A 
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4.3.2 Near field results 

Following the far-field characterization of the Au and Al hole arrays, we have carried 

out studies on the near-field optical behavior of the light transmission to determine 

and point out the main transmission channel for the light through the perforated film. 

The experiments were performed in illumination mode, giving us the opportunity to 

locally illuminate the sample using a wavelength of 442 nm. In Fig. 4.9 the results for 

the gold nanohole arrays with a different film thicknesses of - 20 [a) and b)], 50 [c) and 

d)], and 120 nm [e) and f)], are presented. The hole diameter of all samples was set to 

250 nm. The topography images (upper row) where taken simultaneously with optical 

images (bottom row). 

 

Comparing now the simultaneously recorded optical and topography images reveal a 

high transmission of the light directly at the position of the holes. This effect is 

observable for all of the film thicknesses and might be explained by the direct light 

Fig. 4.9 SNOM images of the Au hole arrays. Top row: Topography images of the 

samples indicating an interhole distance of  ̴500 nm and a hole diameter of 250 nm. 

Bottom row: Near-field optical images taken at a wavelength of 442 nm. The recorded 

light intensity shows an enhanced transmission through the sub-wavelength holes. The 

thickness of the deposited films is 20 nm (a,b), 50 nm (c,d), and 120 nm (e,f), 

respectively. 

  1 µm   a) 

  b) 

  1 µm   c) 

  d) 

  1 µm   e) 

  f) 
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transmission through these subwavelength holes, which is enhanced and supported by 

the excitation of surface plasmons. The optical images also reveal an elongation of the 

circular hole-shaped light spots especially in the case of the two thinner films, which 

on first look would point out to a tip-artifact. However, this is a direct result of the 

polarization of the incoming light. The elongation is parallel to the direction of the 

polarization and indicates coupling of the locally launched surface plasmons by the tip 

of a scanning near-field optical microscope [54, 128] and SPs at the film - air interface. 

These surface plasmons propagate along the surface of the film until they encounter a 

hole. There they are scattered into a radiative mode possibly by direct interaction with 

the edges of the holes. For the thinner films, i.e., 20 and 50 nm thickness, the more 

probable scenario is that they directly couple to SP modes on the opposite interface of 

the film and are then scattered into radiative modes [129]. In contrast to the surface 

plasmon contribution to the measured light intensity, the intensity of the central spots 

in Fig. 4.9b, d, and f is essentially independent of the light polarization. Thus this peak 

is attributed to direct transmission through the hole of propagating light modes 

emitted by the SNOM tip.  

The structured films are optically thin enough that they can exhibit intense direct 

transmission through the film, which is beyond the interest of these measurements. 

Therefore the contrast of the optical images in Fig. 4.9 had to be increased to 

emphasize the transmission modulation caused by the nanostructures. The differences 

between original and contrast-enhanced pictures are shown in Fig. 4.10, which clearly 

demonstrates the need of filtering of the intensity coming from the direct transmission 

through the film.  

 

 

  a)   b) 

Fig. 4.10 SNOM optical images a) without enhancement of the contrast and b) with 

enhanced contrast. The latter shows the direct transmission of the light through the 

nanoholes. 
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Additionally, valid optical images must precisely correlate with the simultaneously 

recorded topography. If such a correlation does not exhibit then such images are 

artificial unless some chemical or physical changes were created locally on a surface 

during a scan without significant changes of the topography [130]. In these results such 

extra effects are unexpected. To prove that our interpretation of the optical images is 

correct, we measured at a defect, i.e., a scratch, in the 100 nm thick gold film 

[Fig. 4.11]. 

Here, only the optical image is shown. The gold film on the left-hand side of the picture 

has been removed and the bare sapphire substrate is visible. The line indicates the 

position of the cross section, which is present in the graph at the right-hand side. The 

black line indicates the topographic signal at the same position. The clearly visible step 

represents the boundary of the scratch. The blue line shows the optical intensity along 

this line. One can see that on the left-hand side the optical signal is stronger than on 

the side with the film. The large intensity enhancement at the border is an artifact of 

the measurement technique. Comparing the position of the intensity maxima with the 

position of the holes (minima in the topographic signal), our interpretation of the 

contrast in Fig. 4.9 is confirmed since the intensity maxima lie at the position of the 

holes. 

Following the thorough studies on gold structured films, near-field optical transmission 

through apertures in aluminum films was investigated for comparison. The results are 

presented on Fig. 4.12, identical as in the case of gold samples a top row represents 

Fig. 4.11 SNOM image of a scratch in the hole array of the 100 nm-thick Au film. The 

measured contrast indicates a light transmission through the holes. This is confirmed 

by the line scan given on the right. The maxima in optical transmission fall into the 

minima of the topography signal. 

  2 µm 
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topography images for 20 nm [a)], 50 nm [c)] and 120 nm [e)] thick aluminum films. 

The bottom row reflects optical signal measurement results for 20 nm [b)], 50 nm [d)], 

and 120 nm [f)] adequately thicknesses taken simultaneously with topography, thus 

the films had the same thicknesses as the gold equivalents. Exactly as in the case of 

gold, the observed contrast shows an enhanced transmission of light through the holes 

and is mostly the result of a direct transmission through the hole of propagating light, 

with surface plasmon enhancement. In Fig. 4.12 similar to Fig. 4.9 one can observe the 

elongation of the spots of transmitted light at the position of the holes. This is again 

connected to the polarization direction. In addition, the influence of the present native 

oxide layer on those aluminum films was not taken into account, leaving room for 

further experiments and theoretical calculations to clarify its possible role in the 

transmission enhancement. 

 

To better understand the processes governing the light propagation through our hole 

arrays, 3D FDTD simulations [131] were performed in the group of Prof. Kempa 

  1 µm   1 µm   1 µm   a) 

  b)   d) 

  c)   e) 

  f) 

Fig. 4.12 SNOM images of the hole arrays in the Al films. Left column: Topography 

images of the samples indicating an inter-hole distance of  500 nm and a hole 

diameter of 250 nm. Right column: Near-field optical images at a wavelength of 

442 nm. The recorded light intensity again shows an enhanced transmission through 

the sub-wavelength holes. The thicknesses of the deposited films are 20 nm (a,b), 

50 nm (c,d), and 120 nm (e,f), respectively. 
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(Boston College), modeling the field distribution in our films [132]. They have used 

periodic boundary conditions associated with the hexagonal hole structure, and 

absorption conditions to truncate the directions parallel to the film surface. The 

thickness of the film was taken to be 50 nm, the inter-hole distance is 500 nm, and the 

diameter of the holes d = 250 nm, to match the experimental conditions. The 

discretization step size of 2 nm assures good numerical convergence. The time-domain 

auxiliary differential equation approach was used to implement the FDTD method to 

our case of the dispersive metal. The frequency-dependent permittivity of Au was 

taken from Ref. [131]. The in-plane field intensity profiles shown in Fig. 4.13 are 

calculated in a single unit cell, at 10 nm away from the film surface, on the far side of 

the film. The chosen color-coding scheme shows high-intensity regions in a darker 

color. The light wavelength is λ=442 nm in Fig. 4.13a, and λ=1000 nm in Fig. 4.13b. The 

insets show the corresponding in-plane electric field amplitude profiles across the film. 

In the marginal subwavelength regime (d < λ, Fig. 4.13a), the overall transmission of 

light through the film and holes is very high (mostly due to the plasmon enhancement), 

as shown in the inset. The corresponding in-plane intensity map shows that the 

transmission is larger inside the holes, which stays in a very good agreement with the 

experiment. In the strongly subwavelength regime (d << λ, Fig. 4.13b), the light 

propagation through the metal is marginal (in part since little plasmon enhancement 

occurs in this range), but is quite large through the holes. This is obvious from the inset 

showing out of plane field intensity, as well as, the corresponding in-plane intensity 

map. An overall transmission coefficient through this film at this wavelength (λ = 1000 

nm) is much smaller than that for λ = 442 nm, as evidenced by the insets in Fig. 4.13a 

and b. A maximum in transmission coefficient is indeed observed at λ= 442 nm in all 

curves in Fig. 4.5a, followed by a smaller, much broader maximum at λ= 1000 nm. 

 

  a)   b) 

Fig. 4.13 Simulation of the light transmission through the Au film with an array of 

holes. Parameters: inter-hole distance: 500 nm, hole diameter 250 nm, film thickness 

50 nm, wavelength of the light is 442 nm (a), and 1000 nm (b). Main figures show light 

intensity 10 nm away from the film surface on the far side. Darker regions represent 

higher intensity. Insets show the corresponding in-plane electric field amplitudes. 
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4.4 Plasmonic properties of an array of nanowires: Gold and Iron 

Since Ebbesen reported enhanced transmission on arrays of subwavelength holes in 

metal films [17], many research groups started to investigate the possibility of 

enhanced transmission in different structures. In particular, one-dimensional reflection 

and transmission gratings have been widely studied. Throughout the last two decades 

a great number of theoretical [134-149], as well as experimental investigations [61, 

116, 150-165] have been carried out. In the beginning of the 1990s, resonances of TM 

polarized light (electric field vector of incident light perpendicular to the wires) were 

discovered on gold-wire gratings [162]. It was shown experimentally as well as 

numerically that these kind of resonances can yield to almost 100% transmission of the 

incident light for highly conducting grating wires. Among those many interesting and 

unexpected optical characteristics of complex origin have been found. Scientists 

reported that depending on the geometrical parameters numerous effects can be 

found, such as: cavity modes [148, 150], Wood-Rayleigh anomalies [141, 148], as well 

as different types of surface plasmon resonances (horizontally oriented SPs (HSPs), SPs 

coupled on air - metal interfaces and vertically oriented SPs on the vertical walls of 

opposite sides of the grooves of the gratings) [148, 154]. The excitation of surface 

plasmons on wire gratings has been extensively studied since 1994 [60]. Further 

studies revealed later that the excitation of surface plasmons plays a key role in the 

enhanced transmission that was observed [142, 166]. These grating like structures 

have found potential applications in various fields, as optical polarizers [159, 160], 

color filtering devices [158, 161, 163], in solar cells [155], for biosensing [165] and for 

the generation of second and higher harmonics [163]. The complex optical response 

with addition of possible application in various fields makes these structures a very 

valuable material class. This is the reason why there is such a demanding need for low-

cost fabrication techniques comparable to the semiconductor industry.  

NSL leaves us with the ability to prepare such structures of similar - grating like 

morphology (see chapter 3.7). These 1-D morphologies can exhibit completely 

different properties than those presented in the previous sections for two dimensional 

structures. Thus, in the following section will focus on the optical characterization of 

the prepared nanowire arrays.  
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4.4.1 Far field results 

In this section we present the optical characterization of the nanowire arrays. The 

typical far field transmission spectra are shown in Figure 4.14 and Figure 4.16. As 

distinct from hole arrays, we have decided to use iron instead of aluminum as a second 

material. The reason is a possible use of this sample in future characterizations of 

magnetic properties, i.e., magnetic force measurements. The spectra were taken on 

samples covered with Au [Fig. 4.14] and Fe [Fig. 4.16] with the following parameters: 

line width: 140 nm, thickness of Au or Fe: 35 nm, the distance between lines varies 

from 210 nm and 255 nm as mentioned in section 3.7. All spectra cover a range 

between 200 and 2500 nm and were referenced to the transmission spectrum of a 

bare sapphire substrate. The measurement consists of a series of spectra where the 

sample is rotated clockwise from 0° to 90°. This allows to study the influence of the 

light polarization to the transmitted intensity.  

 

Fig. 4.14 UV-Vis-NIR transmission spectra of the gold nanowires with a thickness of 

35 nm. Each spectrum is taken after rotation of 10° of the sample (according to its 

previous position) showing differences in the spectral response. 
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In Fig 4.14, a well pronounced trough in the transmission spectra at around 590 nm 

(2.1 eV) is observed for TM polarization (electric field vector of incident light 

perpendicular to the wires). While the polarization is gradually changed to TE 

polarization, the depth of this trough is reduced while simultaneously shifting to 572 

nm. This feature is directly related to material properties, i.e., a localized plasmon 

resonance in an individual gold wire [157, 167]. The strongest resonant absorption of 

this band is only visible for TM polarization where the electric field of the incident light 

is inducing collective plasma oscillations in the wire. While the polarization is changed 

the oscillation becomes less pronounced and finally when the electric field vector is 

parallel to the wire, it vanishes, due to the infinite dimension in the direction where a 

plasma resonance could occur. Unlike to nanoparticles, where a spherical geometry 

allows for a polarization independent plasmon excitation, plasmon resonances in a 

nanowire can only be excited by an electric field oriented perpendicular to the wire 

axis (only in this direction the spatial confinement of the electrons is provided by the 

interface of the nanowire and the adjacent medium) [143, 151]. Since these nanowires 

are packed in between to dielectric materials (sapphire substrate and air) it should be 

possible to excite the surface plasmons at both sides. The missing momentum is 

provided by the grating vector, thus one can make use of Eq. 2.17 and calculate the 

wavelength at which surface plasmon could occur. Because measurements were 

carried out at normal incidence of light, thus for theoretical considerations Eq. 2.18 

applies. Yet, this equation has to be modified, due to the fact that it omits the 

presence of interface between metal and adjacent medium. Thus the wavelength at 

which SP resonance along the plane that comprises the metal/substrate interface of 

each nanowire is expected to occur at [168]:  

 

 

      Eq. 4.3 

 

 

where �� is a grating periodicity, m is the order of the grating vector, �		and ��  are the 

dielectric constants of metal and adjacent dielectric (air and sapphire). 

The calculated wavelengths are presented in the table 4. 
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Table 4 Calculated wavelengths at which surface plasmon resonance is expected. 

 

λ-SPA (m) λ-SPS (m) 

380 1 585 1 

191 2 292 2 

 

For a clear view these results are depicted in the Fig. 4.15, and are denoted with the 

dashed line symbols (black - surface at metal – air SPA and blue at metal – substrate SPS 

interface). The solid black line in the Fig. 4.15 represents the transmission spectrum for 

the TM polarization of the light. Here, one can observe that the calculated position for 

SPs (m=1) matches the aforementioned trough at 2.1 eV and the SPs for the higher 

order of the grating vector (m=2) also stays in agreement with the experimentally 

measured trough at around 290 nm. On both: Fig. 4.14 and Fig. 4.15 a trough at 

around 1150 nm is possible to observe. This feature could belong to the surface 

plasmon resonance SPs (m=1), however for two times longer grating vector (two times 

larger period of the grating). Then, this SP would be expected at 1170 nm which stays 

very good in agreement with the measured value. 

 

Fig. 4.15 Transmission spectrum of the gold nanowire array – black line vs. bare 

sapphire substrate – red line. 
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For the TE polarization (rotation angle 90°) one can observe a peak at around 620 nm. 

For this “enhanced” transmission an electromagnetic resonance in the gap between 

the wires is responsible, which is not connected to a surface plasmon mode [158]. One 

can also observe a series of features in the strong subwavelength regime at 930 nm, 

and 1600 nm. Since these troughs appear for polarizations between the TM and TE one 

has to exclude an excitation of surface plasmons since symmetry forbids an excitation 

for polarizations other than TM [147]. Most likely these features are due to grating 

effects. Further experiments to understand the origin of these troughs better are 

currently in preparation. In the Fig. 4.14 in a higher energy range, for wavelengths 

shorter than 500 nm a series of small peaks is visible. These features are typical for the 

thin film interference. Here, the incoming light interferes with the light which is 

reflected from the back side of the 35 nm thick Au nanowire.  

Figure 4.15 includes also a bare sapphire substrate spectrum (red line) which was used 

as a baseline for measurements of gold and iron nanowire arrays. Comparing both 

spectra of gold nanowires (black line) and baseline one can still observe influence of 

sapphire substrate on the results (green arrows) of the measurements of the gold 

nanowires array. This points towards spectrophotometer baseline correction problem. 

The two noisy features at 1400 nm and 1850 nm belong to the water vapors 

absorption bands [169]. Additionally, the sudden drop in transmission at 800 nm is 

visible. This is a measurement artifact which arose from wrong calibration and 

appeared by the change of the detectors from infrared to visible inside the 

spectrometer. 

 

For better understanding of the plasmonic response of this structure the same 

measurements were performed on a geometrically identical Fe nanowire array. 

Figure 4.16 shows transmission spectra for the same manipulation of the polarization 

of the incoming light as in the case of Au wires. Since iron doesn’t exhibit plasmonic 

properties in the visible regime, one can’t observe a particle plasmon transmission 

trough at around 2.1 eV. Like the spectra for the gold wires, the far field 

characterization for the iron grating shows essentially similar results for the different 

polarization directions. The features in the IR region are present at nearly the same 

frequencies as in the gold case. This confirms rather a geometric origin of these 

features than a plasmonic one. Only a peak at around 900 nm is better visible than in 

the case of gold. The transmission of light through the iron wires has a maximum 

intensity for TM polarization. This is apparent for the whole spectral range. There are 

more similarities to the gold nanowire grating, like the features at wavelengths shorter 

than 700 nm arising from interference resulting from the thickness of the wires. Due to 

different refraction index of iron compared to gold, these features are present already 
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at lower frequencies than in the gold structures. Still one can observe the same 

experimental artifacts in the results, such as the step in transmission signal at 800 nm 

or the bad baseline correction at the same wavelengths as for Au sample. 

 

Figure 4.17 shows an intensity map for a full rotation of the Au [Fig. 4.17a] and Fe 

[Fig. 4.17b] sample, where spectra were taken every 5°. It expresses a remaining in 

high symmetry optical response of the samples on the impinging light. In Fig. 4.17a one 

can observe a periodic vanishing and recovering of the feature at 2.1 eV (590 nm) as 

well as an overall drop in transmission intensity with the polarization change from TM 

to TE. This is due to a fact that such a nanowire array acts like a wire-grid polarizer, 

which allows only the vertically aligned electric field to pass more efficiently. In Fig. 

4.17b an intensity map for different incident light polarizations for Fe nanowires array 

is shown. Here one can observe the evolution of the signal arising from interference in 

the nanowire thickness. Interesting is the fact that this feature is more emphasized for 

Fig. 4.16 UV-Vis-NIR transmission spectra of iron nanowires with a thickness of 35 nm. 

Each spectrum is taken after rotation of 10° of the sample (according to its previous 

position) showing differences in the spectral response. 
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other rotation angles than for gold sample. The investigations of the origin of this 

discrepancy are in preparation. It is also possible that some of the effects of the optical 

response are not very pronounced. This is due to the fact that EBE deposition does not 

allow the preparation of monocrystalline wires. The polycrystalline wires might 

prevent large propagation lengths of surface plasmons due to their roughness [170]. 

 

 

 

Following the far field measurements a study of the behavior of the light transmission 

through the Au grating-like structure in the near field has been carried out.  

 

 

4.4.2 Near field results 

We have performed the experiments in illumination mode, which gave us the 

possibility for local illumination of the sample. Figure 4.18 presents the near-field 

images for 35 nm thick gold wires for two light polarizations: a) TE - parallel and b) TM 

- perpendicular to the lines. The topographic and the optical signal were recorded 

simultaneously (Fig. 4.18 left and right respectively).  

Fig. 4.17 Transmission spectra map of a nanowire array with 35 nm thick a) Gold and 

b) Iron wires. Both samples show high symmetry in transmission depending on the 

change of polarization. In between of the transmission maps the position of the electrical 

vector in relation to the nanowire grating is schematically shown. 

b) a) 



69 

 

 

The resolution of around 100 nm in the optical image results from the aperture of the 

coated fiber. The resolution limits us from obtaining more detailed information on 

enhanced transmission through the grating. Despite this fact the presented results 

reveal a direct transmission at the position of the gaps. Additionally, the optical image 

reveals that the transmitted light-lines are slightly broader than the gaps between the 

wires. This effect is visible for both polarization directions of the light but more 

pronounced for the TM polarization [Fig. 4.18b] At first glance this could be related to 

the partial transmission of the light through the nanowire-film. A second possible 

explanation is based on the excitation of a localized surface plasmon in the gold wire. It 

was mentioned in section 4.3.2 that it is possible to couple the locally excited surface 

plasmons by the tip of a scanning near-field optical microscope [54, 128] and the SPs 

between the wire and air interface. These surface plasmons propagate along the 

surface of the wire until they encounter an edge. Then they are transformed into 

radiation. Moreover, the surface plasmons on gold are damped much stronger when 

propagating along the surface compared to plasmons excited in silver. The propagation 

of the surface plasmon is along the direction of the electric field. This approach may 

explain the increased intensity of the signal in the vicinity of the line edges and its 

dependence on the light polarization. When the light is TE polarized then the coupled 

Fig. 4.18 SNOM images of the Au nanowire array. Left column: Topography images of 

the samples. Right column: Near-field optical images taken at λ = 442 nm. The light 

intensity shows a direct transmission through a 240 nm broad gap between wires for 

two different light polarizations: a) parallel and b) perpendicular to the lines.  

Topography Optic 

  1 µm   b) 

  1 µm   a) 
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surface plasmon will propagate along the line edges and as a result of an infinite 

resonator length it will decay. If the light is TM polarized the surface plasmon will 

propagate perpendicular to the lines and will couple into a photon when reaching the 

line edge.  
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5. Conclusions and Outlook 

 

 

 

 

 

 

 

The preparation of various shaped nanostructures, as well as the results on their 

structural characterization were presented in chapter 3. Depending on the desired 

morphology of the structure, the fabrication includes self assembly of a colloidal mask 

and its modification, followed by a material deposition process. In chapter 4 the optical 

characterization of previously prepared samples was carried out with an emphasis on 

plasmonic properties. In this section a conclusion on the obtained experimental results 

will be given.  

 

The creation of a hcp monolayer of spheres, which exhibit a long range order is crucial 

for the fabrication of large areas of defect free arrays of nanostructures. Therefore, the 

quality of the produced crystals was estimated by observations of the iridescence 

coloring caused by the diffraction of white light illuminating the sample (section 3.1 Fig. 

3.2). By choosing the size of the spheres used for colloidal mask preparation (section 3.1 

Fig. 3.4). One has a huge influence on the geometric parameters of the final morphology 

of the structures (Section 3.5 especially Fig. 3.10). Nanostructures of various shapes can 

be obtained by additional processing of the masks in order to control their interparticle 

voids. For instance for 440 nm spheres the reactive ion etching (RIE) method provides 

the smooth reduction of their diameter through a change in processing time (Fig. 3.7). 

The experimental results have also shown that a disturbance of the hexagonally 

aligned spheres (Fig. 3.8a), caused by the plasma - treatment can be effectively 

inhibited by 5 – 10 s pre-annealing of a mask on a heating plate at 105 °C before RIE 

(Fig. 3.8b). 

After or before the etching process the mask orientation on the substrate can be 

determined by diffraction pattern where a laser beam is diffracted on the periodic 

monolayer crystal. The hexagonally arranged diffraction spots (Fig. 3.18a) 

corresponding to the six-fold symmetry of the layer provide the necessary information 
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on the quality of the monolayer and orientation of the mask. The latter determines the 

evaporation direction (Fig. 3.18b) for the preparation of nanowire arrays (section 3.7). 

The combination of mask processing and sample orienting during the material 

deposition process results in creation of different shaped nanostructures. The simplest 

to obtain are thereby triangular-shaped nanoislands (section 3.5). It is shown that the 

triangles‘size can be well controlled by the choice of the appropriate diameter of the 

PS-spheres used (Fig. 3.10 and Fig. 3.11) and by evaporation of the desired thickness of 

the material (structures height Fig. 3.10d).  

It was shown that an etching process of the colloidal mask together with perpendicular 

evaporation of the material results in hexagonal arrays of subwavelength holes. The 

geometric parameters such as: interhole spacing, mesh diameter, and the perforation 

depth directly depend on the initial (Fig. 3.17) and the etched (Fig. 3.14) sphere size as 

well as on the deposited material thickness (Fig. 3.15), respectively. The preparation of 

the nanowires is the most complicated, since it requires not only the reduction of the 

sphere size but also the determination of the crystal orientation on the substrate 

together with a proper sample alignment during the evaporation process. The 

measured values of width, spacing, and thickness of the wires (Fig. 3.20), can again be 

controlled via the sphere diameter used for assembly of the mask (Fig. 3.21), latex 

particle diameter after the etching process, and thickness of the deposited material.  

The NSL-based ordered Au triangular particles were examined for their optical 

properties. The far field investigation results are dominated by plasmon resonances of 

different orders. This resonant response on the light is correlated with the size and thus 

the circumference of the individual triangle, which is directly connected to the size of the 

latex particles used for the preparation of the mask (Fig. 3.11 and Eq. 4.2). Simulations 

performed in the group of Prof. Kempa [105] are in excellent agreement with the 

experiment, and confirm that observed effects are governed by a surface/edge plasmon 

polariton resonating in these nanoparticles. In general, the regime of plasmonic 

response can be tuned by judicious choice of the sphere diameter for the mask 

assembling process. 

Extending the single hole to a periodic array of subwavelength holes in a metal film 

results in an extraordinary transmission through the film, as was shown by Ebbesen 

and co-workers [17]. In our experiments, we have shown that the transmission of the 

light through a hexagonal array of subwavelength holes in a metallic film is governed 

by surface plasmons and Wood anomalies. The spectra can be completely understood 

with help of these two phenomena, which was confirmed with calculations using the 

Eq. 2.21 and Eq. 2.23. It was presented that the spectral response is dependent on the 

geometric properties of the structure and the optical properties, i.e., the dielectric 

function of the metal. The first ones can be controlled by the choice of the desired 
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sphere size and the etching parameters during the structure preparation. The optical 

properties can be controlled through selection of the various materials used for the 

deposition process. The metal’s environment plays also a very important role since 

surface plasmons excitation as well as propagation is possible on the metal / dielectric 

interface. Thus, the proper choice of the dielectric medium can mediate the plasmonic 

properties. The change of incidence angle of the light also influences the optical 

response of the sample. Increase of the angle can either enlarge or decrease the 

component of the incident photon’s wavevector in the plane of the array (Eq. 2.19). 

One can shift spectral features which belong to different plasmonic orders and are 

excited at different dielectric environment towards longer or shorter wavelengths, 

simultaneously creating a plasmonic band structure (Fig. 4.7). It is shown that theses 

plasmonic bands can be separated or approached to each other (Fig. 4.8). Depending 

on the metal it is also possible to separate the optical responses which originate from 

the material and structural properties. In case of gold nanohole structures, the 

plasmonic response overlaps with materials interband transition (Fig. 4.5a). The use of 

aluminum let us to separate these responses (Fig. 4.5b). This leaves us enough place to 

tune the plasmonic answer for the desired spectral range. It has been observed that 

the intensity of the transmitted light through the holes overcame the proposed limit of 

around 10-3 of the incoming light. This is achieved, as already mentioned, by extending 

the single hole to an array and thus, giving the possibility to excite the surface plasmon 

polaritions using thereby the array to overcome momentum mismatch. The latter ones 

are responsible for the extraordinary transmission of the light. Additionaly, near-field 

investigations showed that, although the films were optically thin and despite the huge 

background (Fig. 4.10), it was possible to identify the propagation path of the light (Fig. 

4.9, Fig. 4.11 and Fig. 4.12). We clearly saw a plasmon-assisted enhanced transmission 

through the subwavelength holes, which is in excellent agreement with theoretical 

calculations prepared in the group of Prof. Kempa [132]. As it was mentioned, the 

plasmonic response is assisted by a closely following Wood’s anomaly. These features 

are independent of the material from which the film with holes is made of, but they 

strongly depend on the dielectric function of the environment and symmetry of the 

structure (Eq. 2.23).  

We have shown that use of magnetic material for creation of the hole array, can 

influence the optical response of the structure; these results are not presented in this 

thesis. The light transmission through such a film strongly depends on the external 

magnetic field. The change of this field influences and tunes the position of the surface 

plasmons which govern the transmission of the light. We were the first to report on 

these magneto-plasmonic experimental measurements [171]. 
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In the case of the nanowire array, it has been presented that TM polarized light is 

transmitted more efficiently through the structure, than TE polarized light. Therefore, 

such a nanowire grating can be used directly as an optical polarization device. In 

addition it has been pointed out that the plasmonic response from a grating made of 

gold is also affected by slight changes of the light polarization (Fig. 4.14). The change of 

polarization from TM to TE revealed the possibility to control the transmission 

efficiency of light in the wavelength region from 500 to 700 nm (Fig. 4.14) which is 

governed by surface plasmons (Fig. 4.15). Our nanowire grating can therefore act as a 

band polarizer. The working band could moreover be tuned by choosing a material 

with different optical properties (Fig. 4.16). It has been also observed that for the high 

energy regime of the optical response the interference in the film thickness is 

responsible. The regime of this answer can also be controlled by judicious choice of the 

material. 

 

The presented optical characteristics of different types of structures which were 

mainly made of gold are just a small part of measurements that can be done.  

All of the experimental results fit very well to the proposed theories on surface 

plasmon excitation in different types of nanostructures presented in this thesis. It will 

be very useful to test these theories for nanostructure arrays of different 

morphologies and various materials. Change of some structural parameters, i.e., hole 

diameter, interhole distance, wire width, spacing, periodicity, height (thickness) can 

have a tremendous influence on the optical response of the samples in far field 

spectroscopy. Further investigations concerning the wavelength dependence of the 

transmission in the near field can be a valuable reference in detailed understanding of 

proceeded effects.  

It was presented that structural parameters of the samples can be well controlled with 

NSL giving an opportunity to prepare not only the nanostructures of the same 

morphology and different geometrical parameters but also of different shape. 

Combining it with a material deposition technique such as electron beam evaporation, 

where a large number of materials can be used, opens up a vast space of possibilities. 

It will be very interesting to investigate how polycrystallinity of the structures 

influences the plasmonic response of the samples in comparison to monocrystalline 

samples, i.e., how scattering losses and random scattering can alter the excitation and 

propagation of the surface plasmon polaritons. It is known that monocrystalline 

structures cannot be prepared by electron beam evaporation. Therefore, use of some 

post processing such as thermal annealing should be applied. Nanosphere lithography 

allows the preparation of masks on various substrates, thus gives us a direct control on 
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the dielectric environment of the fabricated structures. The change of the εd leads to 

changes in the surface plasmon position in the spectra (Eq. 2.21).  

It would be also very interesting to separate the direct transmission of light from that 

assisted by plasmon. This could be achieved by use of grazing incident light. Thus, one 

should observe the vanishing of the Fano profile of the resonance in the spectrum, 

which in our case is present due to interference of the non resonant (direct) and 

resonant (surface plasmon polariton assisted) transmission. Subwavelength holes can 

be used as cavities which can be filled with nanoparticles or quantum dots. This 

procedure will locally affect the dielectric function. Thereby a change in the 

transmission efficiency or the plasmonic response of the holes is expected. 

Furthermore, in the case of quantum dots, one expects a change in the emission rate 

through the changed local density of states of the surrounding medium.  

The variety of future experiments can reveal many interesting properties of such 

nanostructures, which can be used for application in many scientific as well as 

industrial areas. 

In summary, the optical characterization gave us the answer to the question which was 

the basis for this thesis, namely: Is it possible to control the plasmonic response of the 

nanostructure? This can be done by judicious choice of sample material and 

morphology. Certainly, the method which was used in this thesis for preparing the 

nanostructures leaves us the freedom to control the structural parameters such as the 

sample shape, resulting in triangular nanoislands, arrays of subwavelength holes or 

nanowires. Moreover, it is a tool to control the morphology of each type of 

nanostructure. It allows to fabricate triangular nanoislands of different size, arrays of 

holes with different interhole distance, hole diameter and depth, and also nanowires 

with different width, spacing and height. By changing these parameters, it is possible 

to change the absorption or transmission properties to the desired wavelength regions 

and therefore manipulate the light propagation through the film, the latter being the 

main aim in the field of plasmonics.  
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6. Summary 

 

 

 

 

 

 

 

The present work introduces shadow nanosphere lithography as a time – efficient and 

low – cost lithographic method to produce large arrays of nanostructures. We thereby 

use 2D colloidal crystals made of polystyrene (PS) spheres that serve as the 

lithographic mask. Using different materials and evaporating them at different angles 

onto the mask leaves the freedom of producing nanostructures of various shapes, for 

which investigations of optical properties were carried out. It has been presented that 

structures of different morphologies and made of different materials exhibit 

interesting optical response on the incident light. It appeared, that mainly these 

responses are driven by the excitation of the surface plasmons.  

We have presented far field characterization of arrays of triangular shaped 

nanostructures made by deposition of gold material through masks assembled by use 

of different size of spheres. Such a structure exhibit a strong localized surface plasmon 

response, whose spectral position as well as number of excitations is strongly 

dependent on the circumference of single nanostructure. This geometrical parameter 

can be well controlled by use of desired sphere size for mask assembling. Thus giving 

us a tool to manipulate the plasmonic response of such structure. It has been also 

presented that depending on the order of the excited plasmon it originates from 

different effects. Lower orders are surface/edge plasmons and higher orders are 

related to Mie resonances. 

The modification of the colloidal mask by use of reactive ion etching allows us to 

prepare arrays of subwavelength holes with hexagonal symmetry. The type of 

symmetry differs from the squared lattices of holes being under a great interest in last 

decade because of their enhanced light transmission properties. Our investigations in 

far - as well as in near - field showed that our mesh, with single hole diameter of 250 

nm, which were made of gold and aluminum exhibit also extraordinary transmission of 

light. The spectral responses are dominated by two phenomena, namely: surface 
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plasmons and Wood’s anomalies, which are strongly dependent on samples’ material 

and geometric parameters. The near – field measurements carried out by scanning 

near – field optical microscopy revealed the transmission of light through the 

subwavelength holes. This is possible due to the coupling of surface plasmons excited 

on both sides of the metal film (air - metal and metal – substrate interface). This 

statement is confirmed by theoretical simulations. The last characterized samples were 

nanowires fabricated in a shape of an array forming a grating - like structure. 

Investigations of these structures revealed a change in intensity of the transmitted 

light. It has been shown that this effect is strongly dependent on the polarization of 

the incident light. Additionally, it has been presented that gratings made of gold 

exhibits a plasmonic response which is also polarization dependent. In summary, this 

thesis presented that it is possible to control the plasmonic response of the 

nanostructure. The response can be tuned by proper choice of sample’s material and 

morphology. Both of these properties can be adjusted by use of shadow nanosphere 

lithography as a method for sample fabrication. The plasmonic properties of these 

structures together with simplicity and low-cost preparation method make them a 

promising material for application in many scientific and industrial branches. 
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7. Appendix 

7.1 Abbreviations 

1D – one-dimensional  

2D – two-dimensional 

3D- three dimensional 

AFM – atomic force microscope(y) 

EBE – electron beam evaporator 

FDTD - finite-difference time-domain 

hcp – hexagonal closed-pack 

LSPR – localized surface plasmon resonance 

MACS – multiplex atmospheric cassette system 

NIR – near infrared 

NMP – 1-methyl 2-pyrrolidone 

NSL – nanosphere lithography 

PMMA - poly-methylmethacrylate 

PS – polystyrene 

QCM – quartz crystal microbalance 

RIE – reactive ion etching  

SEM – scanning electron microscope(y) 

SERS – surface enhanced Raman spectroscopy 

SNOM – scanning near-field optical microscope(y) 

SNSL – shadow nanosphere lithography 

SP – surface plasmon 

SPASER – surface plasmon amplification by stimulated emission of radiation 

SPP – surface plasmon polariton 

TE – transverse electric 

THF – tetrahydrofuran 

TM – transverse magnetic 

UV – ultra violet 

Vis – visible 
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7.2 Tables of applied materials 

Within this section materials and chemicals used for preparation of experimental 

samples are listed. Table 4 contains information about colloidal particles that were used 

for preparations of lithographic colloidal masks. The substrates used for mask transfer 

and metal deposition are listed in Table 5. Different organic solvents used for 

preparation of colloidal particles dispersions and for mask removal process after 

material evaporation are presented in Table 6. 

 

Table 5 Information about colloidal particles for mask preparation 

Colloidal Particles 

No. Name, article No. ; batch No. Company Description 

1 

Surfactant-free sulfate white 

polystyrene latex PS440 nm; 

1-500; 2140 

Interfacial Dynamics 

Corporation (IDC), 

USA 

Dispersed in de-ionized water; 

Diameter: 440 nm; CV = 3.0%; 

Surface with sulfate groups; 

negatively charged: 5.2 μC/cm2; 

Percent solids: 4 %; 

2 

Surfactant-free sulfate white 

polystyrene latex PS470 nm; 

1-500; 1713 

Interfacial Dynamics 

Corporation (IDC), 

USA 

Dispersed in de-ionized water; 

Diameter: 470 nm; CV = 2.6%; 

Surface with sulfate groups; 

negatively charged: 4.9 μC/cm2; 

Percent solids: 6.9 %; 

3 

Surfactant-free sulfate white 

polystyrene latex PS540 nm; 

1-500; 2028 

Interfacial Dynamics 

Corporation (IDC), 

USA 

Dispersed in de-ionized water; 

Diameter: 540 nm; CV = 2.2 %; 

Surface with sulfate groups; 

negatively charged: 6.3 μC/cm2;  

Percent solids: 8 %; 

4 

Polystyrene plain particles 

PS980 nm; PS-R-1.0; PS-R-

B288 

Microparticles 

GmbH 

Dispersed in de-ionized water; 

Diameter: 980 nm; CV = 4%; 

Surface with sulfate groups; 

negatively charged; 

Percent solids:8%; 

5 

Poly(methyl metacrylate) 

particles PMMA 1060 nm; 

PMMA-R-1.0; PMMA-F-

L1057-1 

Microparticles 

GmbH 

Dispersed in de-ionized water; 

Diameter: 1060 nm; 

Percent solids: 10% 
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Table 6 Information about substrates for colloidal mask transfer and metal deposition 

Colloidal Particles 

No. Name, article No. ; batch No. Company Description 

1 
Sapphire wafer; 

ALA76D05C2; PO#51214/05 
MTI corporation, USA 

Formula: Al2O3(α), A-plane 

crystal; purity 99.99%; Surface 

roughness <0.5nm 

2 
Silicon wafer; 

SIA76B05D4;PO#81624/05 

Si-Mat Silicon 

Materials 

Formula: Si; <100>; purity 

99.99%; Surface roughness <1 

nm 

 

 

Table 7 Information about solvents for colloidal mask removal 

Colloidal Particles 

No. Name, article No. ; batch No. Company Description 

1 
1-methyl 2-pyrrolidone 

(NMP); 8.06072.1000 
Merck 

C5H9NO, pure for analysis 

(99.5%) 

2 
Ethanol (EthOH); Rotipuran® 

9065.4 
Carl Roth GmbH C2H6O, pure for analysis (99.8%) 

3 
2-Propanol; Rotipuran® 

6752.4 
Carl Roth GmbH C3H8O, pure for analysis (99.8%) 

4 
Acetone; Rotipuran®  

9372.5  
Carl Roth GmbH C3H6O, pure for analysis (99.8%) 

5 
MiliQ water: PURELAB 

MAXIMA 
USF ELGA 

Ultra-pure, de-ionized water  

(18.2 MΩcm) 

6 
Tetrahydrofuran THF; 

4745.3 
Carl Roth GmbH 

C4H8O, pure for synthesis 

(99.5%) 

7 
Toluene; Rotipuran®  

7115.2 
Carl Roth C7H8, pure for analysis (99.5%) 
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7.3 List of figure captions 

Fig. 2.1 Importance of plasmonics in the confinement and control of light in the 

subwavelength regime [26].Importance of plasmonics in the confinement 

and control of light in the subwavelength regime [26] 

Fig. 2.2 Schematic of an ellipsoidal particle with dimensions: a > b = c, where a is 

the dimension of the longitudinal axis, b and c are the dimensions of the 

transverse axes. 

Fig. 2.3 Drude’s model electrons (shown in black) constantly collide between 

heavier, stationary crystal ions (shown in green). 

Fig. 2.4 Simple schematic of plasma oscillations. Green spheres represent fixed 

positive background of ions and grey spheres represent the electron gas. a) 

The charges are separated due to the applied external electric field. b) 

Situation without external field. The electrons move back to cancel the 

charge separation. 

Fig. 2.5 Schematic diagram illustrating a surface plasmon polariton (after) [48]. 

Fig. 2.6 Schematic illustration of the excitation of dipolar surface plasmon 

oscillations. The electric field of an incoming electromagnetic wave induces 

a polarization of the free electrons with respect to the much heavier ionic 

core of a nanoparticle. A net charge difference is only felt at the 

nanoparticle boundaries (surface) which in turn acts as a restoring force. In 

this way a dipolar oscillation of electrons is created – a localized surface 

plasmon resonance. In the case of rods (right hand side of the image) two 

oscillations the longitudinal and transverse surface plasmon resonances can 

be excited. 

Fig. 2.7 Dispersion curve for surface plasmons. For small wavevectors kx, the 

surface plasmon curve (red) approaches the light line (blue). 

Fig. 3.1 Colloidal mask preparation: a) applying of the solution to the water surface, 

b) addition of surfactant - close packing and c) deposition of a monolayer 

on a substrate. 

Fig. 3.2 Photograph of a colloidal mask on a water before close-packing. 

Fig. 3.3 Photograph of PS-masks on a silicon substrate. 

Fig. 3.4 SEM images of colloidal masks deposited on the substrate. Sphere sizes 

were: a) 440 nm, b) 720 nm, and c) 980 nm. 

Fig. 3.5 Reactive ion etching. 

Fig. 3.6 Fixing of the PS mask to a substrate. 

Fig. 3.7 SEM images of etched PS-masks. RIE process duration: a) 0 s, b) 20 s, c) 35 

s, d) 40 s, e) 45 s and f) 50 s. 
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Fig. 3.8 Scanning electron micrograph of a PS monolayer after RIE process 

a) without and b) with previously fixation of the latex spheres to the 

substrate. 

Fig. 3.9 Evaporation setup for SNSL. a) Vacuum chamber of BAK 640: (1) rotation 

high-throughput holder, (2) evaporation sources, b) Schematic of 

evaporation system setup and orientation of a substrate during deposition 

process: (1) sample holder,(2) evaporation source, (3) crucible,(4) water 

cooling,(5) electron source,(6) shutter,(7) magnetic field. 

Fig. 3.10 Nanotriangles arrays fabricated with different colloidal mask size: a) 380 

nm, b) 540 nm, c) 980 nm, d) and e) 1710 nm, respectively. 

Fig. 3.11 Some geometric dependencies of shape of particles obtainable by a 

perpendicular evaporation through the original masks. 

Fig. 3.12 Possible defects in arrays of triangular particles: a) series of connected 

triangles – smaller sphere, b) missing triangles – multilayer colloidal mask, 

c) pairs or groups of connected triangles – insufficient close packing of 

monolayer, d) spheres residuals – inadequate sample cleaning. 

Fig. 3.13 SEM image of a 50 nm thick Al film with subwavelength holes: a) the 

measured hole diameter was approximately 254 nm, b) the defect free area 

ranges hundreds of µm
2
. 

Fig. 3.14 SEM images of nanoholes arrays. The diameter of a single hole is a) 385 

nm, b) 340 nm, c) 325 nm and d) 254 nm. 

Fig. 3.15 AFM image of an array of holes in a 50 nm thick Au film. Left side: 

topography image. Right side: cross-section image confirming that the 

observed hole diameter is 250 nm, while the hole periodicity is 470 nm. The 

measured film thickness is approx. 50 nm plus 2nm of a Ti buffer layer. 

Fig. 3.16 AFM topography images of an array of holes in a 50 nm thick Au film 

showing the importance of proper sample cleaning process a) sample 

sonicated for 3 min in THF - PS-residuals left, b) sample sonicated for 30 min 

in Toluene. 

Fig. 3.17 Series of nanohole arrays with initial sphere/hole size of: a) 440 nm / 255 

nm, b) 540 nm / 320 nm, c) 980 nm / 700 nm and d) 1200 nm / 720 nm. 

Fig. 3.18 Determination of mask orientation: a) Macroscopic laser diffraction pattern 

used for measuring the orientation of latex nanosphere mask, b) real space 

image of the position of the spheres and possible evaporation directions 

(green arrows), A and B denote the two high-symmetry directions of the 

structure, respectively. 

Fig. 3.19 Experimental results of obtained nanowire array: a) and b) SEM images, 

c) and d) atomic force microscopy imaging. 
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Fig. 3.20 Structural properties of Au nanowires. Line width is 140 nm, thickness is 35 

nm and distance between neighboring lines is 240 nm. The sphere size used 

for preparation is 440 nm in diameter. 

Fig. 3.21 Change of structural properties of the nanowire array by choice of spheres 

of initial diameter: a) 440 nm, b) 540 nm, and c) 1200 nm. 

Fig. 3.22 Defects in nanowire arrays caused by: a) extra spheres, b) bad etching c) 

wrong crystal orientation for evaporation. 

Fig. 4.1 Home build sample holders used for far field measurements that enabled 

the change of two angles: a) incidence angle θinc,- for measurements of 

nanohole arrays b) rotation angle φ – for measurements of nanowire 

arrays. 

Fig. 4.2 Schematic of the experimental setup for the illumination-mode SNOM 

measurements in transmission. 

Fig. 4.3 Measured and simulated dispersion of the resonating surface/edge 

plasmon in an array of quasitriangle nanoparticles: measured for all orders, 

where the numbers by the black squares indicate the corresponding order 

(for � = 1, 2, 3, 4) respectively. The solid blue line is the light line. The solid 

magenta line is a fit to the measured data. Simulated dispersion for arrays 

of triangles is depicted with white squares. The solid green line is a fit to the 

simulated data. The inset shows the simulated optical absorbance (in 

arbitrary units) for the quasitriangle arrays with various 0D , to be 

compared to the corresponding experimental data in Fig. 4.3.  

Fig. 4.4 Measured and simulated dispersion of the resonating surface/edge 

plasmon in an array of quasitriangle nanoparticles: measured for all orders, 

where the numbers by the black squares indicate the corresponding order 

(for � = 1, 2, 3, 4) respectively. The solid blue line is the light line. The solid 

magenta line is a fit to the data. Simulated dispersion for arrays (white 

squares), and for a single quasitriangle (white circles). The solid green line is 

a fit to the array data. The inset shows the simulated optical absorbance (in 

arbitrary units) for the quasitriangle arrays with various 0D , to be 

compared to the corresponding experimental data in Fig. 4.3. 

Fig. 4.5 UV-Vis-NIR transmission spectra: a) Gold and b) Aluminum films with a 

thickness of 20 nm (blue line) and films with hole arrays showing 

differences in their spectral features. The film thickness is 20 nm, 50 nm and 

120 nm and is represented with black, red, and green color line respectively. 

Fig. 4.6 Angle of incidence dependent optical spectra of a 50 nm thick perforated 

films. Blue and red dashed lines mark the features in spectra remaining on 
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and changing their positions for: (a) gold and (b) aluminum as film 

material, respectively. 

Fig. 4.7 Angle dependent measurements of 50 nm thick gold perforated film along 

the Γ Κ-direction of the hexagonal array. The dotted line denotes the 

evolution of the measured SP peak, dashed line – theoretically calculated 

dispersion of the SP (2, 1) mode for the metal – substrate interface. 

Fig. 4.8 Angle dependent measurements mapping of 50 nm thick aluminum 

perforated film. The black dashed lines denote the evolution of the 

measured surface plasmons peaks and dotted lines indicate the Wood’s 

anomaly troughs, excited on: S - metal–substrate and A - air–metal 

interface. The red dashed lines represent the calculated dispersion of (1, 0)S 

and (1, 1)S surface plasmons. 

Fig. 4.9 SNOM images of the Au hole arrays. Top row: Topography images of the 

samples indicating an interhole distance of  ̴500 nm and a hole diameter of 

250 nm. Bottom row: Near-field optical images taken at a wavelength of 

442 nm. The recorded light intensity shows an enhanced transmission 

through the sub-wavelength holes. The thickness of the deposited films is 

20 nm (a,b), 50 nm (c,d), and 120 nm (e,f), respectively. 

Fig. 4.10 SNOM optical images a) without enhancement of the contrast and b) with 

enhanced contrast. The latter shows the direct transmission of the light 

through the nanoholes. 

Fig. 4.11 SNOM image of a scratch in the hole array of the 100 nm-thick Au film. The 

measured contrast indicates a light transmission through the holes. This is 

confirmed by the line scan given on the right. The maxima in optical 

transmission fall into the minima of the topography signal. 

Fig. 4.12 SNOM images of the hole arrays in the Al films. Left column: Topography 

images of the samples indicating an inter-hole distance of  ̴500 nm and a 

hole diameter of 250 nm. Right column: Near-field optical images at a 

wavelength of 442 nm. The recorded light intensity again shows an 

enhanced transmission through the sub-wavelength holes. The thicknesses 

of the deposited films are 20 nm (a,b), 50 nm (c,d), and 120 nm (e,f), 

respectively. 

Fig. 4.13 Simulation of the light transmission through the Au film with an array of 

holes. Parameters: inter-hole distance: 500 nm, hole diameter 250 nm, film 

thickness 50 nm, wavelength of the light is 442 nm (a), and 1000 nm (b). 

Main figures show light intensity 10 nm away from the film surface on the 

far side. Darker regions represent higher intensity. Insets show the 

corresponding in-plane electric field amplitudes. 
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Fig. 4.14 UV-Vis-NIR transmission spectra of the gold nanowires with a thickness of 

35 nm. Each spectrum is taken after rotation of 10° of the sample 

(according to its previous position) showing differences in the spectral 

response. 

Fig. 4.15 Transmission spectrum of the gold nanowire array – black line vs. bare 

sapphire substrate – red line. 

Fig. 4.16 UV-Vis-NIR transmission spectra of iron nanowires with a thickness of 35 

nm. Each spectrum is taken after rotation of 10° of the sample (according 

to its previous position) showing differences in the spectral response. 

Fig. 4.17 Transmission spectra map of a nanowire array with 35 nm thick a) Gold and 

b) Iron wires. Both samples show high symmetry in transmission depending 

on the change of polarization. In between of the transmission maps the 

position of the electrical vector in relation to the nanowire grating is 

schematically shown. 

Fig. 4.18 SNOM images of the Au nanowire array. Left column: Topography images 

of the samples. Right column: Near-field optical images taken at λ = 442 

nm. The light intensity shows a direct transmission through a 240 nm broad 

gap between wires for two different light polarizations: a) parallel and b) 

perpendicular to the lines. 
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Abstract 

 

 

In this thesis we investigate the structural as well as optical properties of our by means 

of nanosphere lithography fabricated nanostructures. We can thereby control the 

fabrication process to get arrays of nanostructures such as quasitriangular shaped 

nanoislands, subwavelength holes, as well as grating like oriented nanowires. 

The various structural characterization methods presented here revealed a crucial 

dependence of the sample preparation process on the final form of the structure. It 

could be demonstrated that by changing the sphere size of the mask building 

polystyrene latex spheres and by altering the material deposition angle, the geometry 

of the structure could be controlled. As deposition materials, however, we carefully 

chose three metals: Gold for its well known and desired plasmonic response, 

aluminum as a “lossy” metal, and iron for its magnetic properties. 

The optical characterization of the samples was carried out in the far as well as in the 

near field. We used therefore standard spectroscopic techniques and near-field optical 

microscopy. The studies revealed that the optical response of the gold samples was 

mainly due to the coupling of the light to surface plasmons. This excitation of surface 

plasmon polaritons was responsible for the measured enhanced transmission of the 

light through, e.g., our subwavelength hole arrays. Furthermore we could show that 

the plasmonic response can be controled by judicious choice of structure morphology. 
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Kurzfassung 

 

 

In dieser Arbeit werden strukturelle und optische Eigenschaften unserer durch 

Nanosphere-Lithographie erstellten Nanostrukturen untersucht. Mit Hilfe dieser 

Methode können wir den Wachstumsprozess beeinflussen, um verschiedene 

nanostrukturierte Oberflächen, wie zum Beispiel quasi-dreieckige Nanoinseln, Sub-

Lambda-Löcher (Löcher mit einem Durchmesser kleiner als die Wellenlänge des 

Lichtes) und gitterartig ausgerichtete Nanodrähte zu erhalten. Die verschiedenen in 

der Arbeit vorgestellten strukturellen Untersuchungsmethoden zeigen eine starken 

Einfluss des Präparationsvorgangs auf die sich ergebende Morphologie sowie den 

daraus resultierenden Eigenschaften der Nanostrukturen. Es konnte gezeigt werden, 

dass durch die Wahl der Größe der Polystyrol-Kugeln aus denen die Maske besteht, 

sowie Veränderung des Aufdampfwinkels die Geometrie der Struktur kontrolliert 

beeinflusst werden kann. Als Materialien für die Schicht wurden bewusst drei 

verschiedene Metalle gewählt: Gold wegen seiner gut bekannten und erwünschten 

optischen und plasmonischen Eigenschaften, Aluminium als optisch dämpfendes 

Metall und Eisen wegen seiner magnetischen Eigenschaften. 

Die optische Charakterisierung der Proben wurde sowohl im Fern- wie im Nahfeld 

durchgeführt. Es wurden spektroskopische Standardverfahren und 

Nahfeldmikroskopie verwendet. Im Verlauf er Arbeit wurde nachgewiesen, dass die 

optische Antwort der Goldproben von der Wechselwirkung zwischen Licht und 

Oberflächenplasmonen bestimmt wird. Die Anregung von Plasmon-Polaritonen führt 

zu der gemessenen verstärkten Transmission durch Strukturen wie den periodischen 

Sub-Lambda-Löchern. Außerdem konnte gezeigt werden, dass die plasmonische 

Antwort durch Wahl einer passenden Morphologie gezielt beeinflusst werden kann, 

wodurch sich viele Anwendungsperspektiven ergeben. 
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